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Abstract 
Arsenic (As) is a geogenic contaminant affecting groundwater in geologically diverse 
systems.  The footprint of the Des Moines Lobe glacial advance in west-central 
Minnesota, is a regional nexus of drinking-water wells that exceed the US EPA 
maximum contaminant level for arsenic (As>10µgL-1).  Arsenic release from aquifer 
sediments to groundwater is favored when biogeochemical conditions in aquifers 
fluctuate.   
The specific objective of this research was to identify the solid-phase sources and 
geochemical mechanisms of release of As in aquifers of the Des Moines Lobe glacial 
advance.   The overarching hypothesis is that gradients in hydrologic conductivity and 
redox conditions found at aquifer-aquitard interfaces promote a suite of geochemical 
reactions leading to mineral alteration and release of As to groundwater.  A microprobe 
X-ray absorption spectroscopy (µXAS) approach was developed and applied to rotosonic 
drill core samples to identify the solid-phase speciation of As in aquifer, aquitard, and 
aquifer-aquitard interface sediments.  This approach addressed the low solid-phase As 
concentrations, as well as the fine-scale physical and chemical heterogeneity of the 
sediments.  The solid-phase Fe and As speciation was interpreted using sediment and 
well-water chemical data to propose solid-phase As reservoirs and release mechanisms.  
The results are consistent with three different As release mechanisms: (1) desorption 
from Fe oxyhydroxides, (2) reductive dissolution of Fe oxyhydroxides, and (3) oxidative 
dissolution of Fe sulfides.  The findings confirm that glacial sediments at the interface 
  vii 
between aquifer and aquitard are geochemically active zones for As.  The diversity of As 
release mechanisms is consistent with the geographic heterogeneity observed in the 
distribution of elevated-As wells.       
Supplementary file “Nicholas dissertation supplementary files 1 to 5.xlsx” was submitted 
to the UMN digital conservancy with this thesis.  It is an excel workbook with five tables.  
Tables 1 and 2 are the complete provenance and citation information for all As and Fe 
reference spectra used.  Tables 3, 4, and 5 are the reference spectra fits, fractions, and 
scores for the sampled spectra from cores OTT3, TG3, and UMRB2. 
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CHAPTER 1.  INTRODUCTION – GEOGENIC ARSENIC CONTAMINATION 
OF WELL WATER 
Previous work on arsenic in Minnesota well water 
West-central Minnesota is a geographic nexus of drinking-water wells with arsenic (As) 
concentrations above the United States Environmental Protection Agency maximum 
contaminant level (MCL) of 10µgL-1(Welch 2000).   The affected wells are constructed 
in glacial aquifers in the footprint of the Des Moines lobe glacial advance.  Distribution 
of As-affected wells is heterogeneous with respect to location and well depth (Erickson 
and Barnes 2005a).  A summary of previous work on well and groundwater As in western 
Minnesota by Welch (2000), Kavinetsky (2000), and the Minnesota Department of 
Health (2001) can be found in Melinda Erickson’s dissertation (Erickson 2005).  The 
most prolific investigator of arsenic in Minnesota groundwater is Erickson herself 
(Erickson and Barnes 2004; Erickson and Barnes 2005a,b,; Erickson and Barnes 2006). 
This dissertation is predicated on the paradigm articulated by McMahon (2001) that 
hydrogeochemical gradients found at interfaces between different sediment types create 
active biogeochemical reaction zones.  Earlier work on As in western Minnesota aquifers 
(Erickson and Barnes 2005 a, b) suggested that (bio)geochemical processes active at the 
interface between an aquifer and contact till were the probable source of As to the 
aquifers.  From these previous results we hypothesized that if a geochemical process at 
the till-aquifer interface were releasing As from the till to waters, then As speciation in 
altered till in contact with aquifer sediments will be measurably different from As 
speciation in till distal to the aquifer.  Evidence to support this hypothesis would include 
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reduced As and Fe in sulfide minerals in unaltered tills and oxidized As and Fe in altered 
till near-aquifer sediments.  
 
Geogenic arsenic contamination of drinking water worldwide 
The primary path of human exposure to As is through drinking water (IPCS 2001, WHO 
2010). Prolonged consumption of drinking water at >50 µg As L-1 is associated with an 
increased risk of skin, kidney, bladder and lung cancers (Smith et al. 1992).  The US EPA 
maximum contaminant level (MCL) for arsenic is 10ugL-1.  Between 150,000 and 
200,000 Minnesotans get their drinking water from wells with arsenic concentrations 
exceeding this limit (Erickson 2005).  
Most drinking-water As is geogenic, meaning that the arsenic sources are naturally-
occurring geological materials (Hem 1985; Smedley and Kinniburgh 2002).   Human 
exposure to arsenic through drinking water is found in local areas worldwide.   The 
problem is most severe and most well studied in Bangladesh, West Bengal, Vietnam and 
Cambodia.  The geologic setting of these areas is recently eroded Himalayan sediments 
that were deposited rapidly with very little weathering into fluvial deposits of the 
Mekong, Red, and Ganges rivers (Smedley and Kinnebourgh 2002).  These areas are very 
close to sea level, local water tables are near the surface and the groundwater tends to be 
in a chemically reduced state.  There is general agreement that the solid-phase sources of 
the arsenic in these areas are oxidized As species associated with iron (oxyhydr)oxides, 
and that this As is liberated under reducing conditions (Islam et al. 2005; Cummings et al. 
1999).  Disagreement persists among different research groups about the exact 
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mechanism releasing As to waters from the solids (Benner et al. 2008, Neumann et al. 
2010, and Burgess et al. 2010).  
Geogenic arsenic contamination of drinking water in North America 
Geogenic As contamination of groundwater in the United States tends to be local rather 
than widespread and occurs in diverse geologic settings: metamorphosed bedrock in 
Maine (Ayotte et al. 2003), sulfide deposits in the Michigan basin (Kolker et al. 2003) 
and in the Fox River Valley of Wisconsin (Schrieber et al. 2000),  glacial tills in 
Minnesota and South Dakota (Erickson 2005a,b), hydrothermal waters in Idaho and 
California, and evaporate deposits in the Central Valley of California (Welch et al. 2000). 
The upper aquifers in west-central Minnesota are porous and permeable glacial materials 
deposited by the Des Moines lobe (Figure 1).   Radiocarbon dates indicate that the Des 
Moines Lobe advanced rapidly, and probably included sections of very fast moving ice 
called ice-streams, similar to those active in Antarctica today (Patterson 1998).  The Des 
Moines lobe ice streams would have originated from what is now central Canada at the 
end of the last glaciation (Jennings 2006).  The ice streams had different points of origin 
and traveled different paths, so they entrained and deposited diverse geologic materials 
(Slatt and Eyles 1981).  Des Moines Lobe ice-stream sediments are underlain by older 
aquifer-bearing sediments from previous glacial periods (Harris and Berg 2006; Harris et 
al. 1999;  Patterson et al. 1999, Wright 1972).   Because Des Moines lobe deposits are 
widespread and complex, identification of these glacial deposits as a probable source of 
As to well water leaves a wide range of possible geologic sources of As.   
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Glacial aquifers typically form in glacial-stream sediments composed of sand and gravel 
deposited by glacial meltwater (Figure 2) (Prothero and Schwab, 1996), but may also 
form in sandy lake sediment.  The sediment layers confining these aquifers are commonly 
tills made of materials transported and deposited by the glacier. Tills are poorly sorted 
sediments with a matrix of finely-ground clay and silt size material.  The fine-grained 
matrix of till creates low-permeability conditions which allows tills to function as 
confining layers, or aquitards, in glacial aquifer systems (Berg 2006, 2008).  Aquitards 
limit the movement of groundwater to the more conductive sands and gravels of the 
aquifers.  Glacial aquifers tend to be laterally discontinuous (Ojakangas and Matsch 
1982), which likely contributes to the geographic heterogeneity observed in groundwater 
properties, including As concentrations.  
 
Well construction 
Wells in Minnesota are typically constructed by driving a solid-walled steel pipe through 
the confining layer (clay-rich glacial till), and then installing perforated section of pipe 
called the screen into the aquifer materials (glacial stream sands and gravels).   Erickson 
and Barnes (2005b) found that wells constructed in the As-affected area of Minnesota 
with shorter screens, closer to the confining layer (glacial till) were more likely to have 
elevated As than wells with longer screens set farther from the confining layer.  This 
suggests that the geologic contact between the glacial till (confining layers) and glacial 
stream sediments  (aquifer materials) is a possible source of the As to groundwater, and 
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that oxidation-reduction (redox) changes caused by movement of the water table across 
this stratigraphic contact could liberate As to waters. 
 
None of the suspect glacial materials in western Minnesota is particularly high in arsenic; 
the concentration range is from 3-10 mgkg-1.   Estimated averages for the concentration 
of arsenic in the continental crust range from 1.5 to 5.1 mgkg-1 (1.5 mg kg-1 Taylor and 
McLennan 1985, 1995; 2 mg kg-1 Wedepohl 1995;.4 mg kg-1 Gao et al 1988; 4.8 mg kg-1 
Rudnick and Gao 2003; 5.1 mg kg-1 Sims et al. 1990).   Clearly the crustal average is a 
hard thing to estimate, but we can see from these numbers that that values measured in 
western Minnesota sediments are close to average crustal As concentrations.  The 
paradox of unexceptional concentration in the host solids and high aqueous 
concentrations is the hallmark of geogenic arsenic contamination worldwide (Smedley 
and Kinniburgh, 2002).    Moderate arsenic concentrations in the solids and heterogenous 
distribution of high arsenic wells within wells with similar aqueous chemistry suggest 
that speciation of arsenic in the solid phase plays an important role in the liberation of 
arsenic to groundwater.   
 
Solid-phases sources of arsenic to waters and the importance of speciation 
Arsenic in aquifer sediments is associated with iron (Fe) minerals.  Some reduced solid-
phase sources of As to waters are As-bearing Fe sulfides (such as arsenopyrite, FeAsS, or 
As-rich pyrite FeS2-xAsx) (Schreiber and Rimstidt 2013).   Frequent oxidized solid-phase 
sources of As to waters are As species co-precipitated with Fe(oxyhydr)oxides and 
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aqueous As species sorbed to Fe(oxyhydr)oxides (Smedley and Kinniburgh 2002) such as 
goethite, or ferrihydrite).  From the perspective of As sequestration and release to 
groundwater, these minerals are oxidation-reduction (redox) end-members.  Each is a 
solid-phase reservoir with strong potential for As release when (bio)geochemical 
conditions, especially redox, in aquifers change.    
Arsenic-bearing sulfides are typically a stable As reservoir under chemically 
reduced, anoxic conditions.  An increase in oxidation state, as from the introduction of 
oxygen, would tend to dissolve As-bearing sulfides and liberate As to waters.   Sulfide 
minerals in shale fragments are frequently proposed as the parent-material source of As 
in glacial deposits in the upper Midwest (Welch et al. 2000).  Shales are fine-grained 
sedimentary rocks, and black shales are those having > 1 % carbon by weight, which 
form in reduced environments and frequently contain sulfide minerals (Prothero and 
Schwab 1996).  Some of the Upper Cretaceous shales of the Manitoba escarpment (Grosz 
et al. 2004; Jennings et al. 2015) are likely sources of sediments to glaciers that deposited 
till in western Minnesota during the last ice age.  In particular, the Boyne member of the 
Carlile Formation, and the Pembina member of the Pierre Shale Formation are black 
shales with high concentrations of As in sulfides (Bamburak 2008). In these shale units 
As may substitute for sulfur (S) in the mineral pyrite (FeS2; As substituted for S in pyrite, 
FeAsxS2-x) (Bamburak 2008).  
In contrast to As-rich pyrite, Fe-(oxyhydr)oxide minerals are stable under oxic 
conditions.   They can sequester As in the solid phase by sorption reactions or by co-
preciptiation, in which aqueous As species (As(OH)3, H2AsO4- , HAsO42-) get trapped 
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within clusters of Fe(oxyhydr)oxides during precipitation and are occluded from the 
solution (Townshend and Jackwerth, 1989; Romero et al. 2013).  In the presence of 
oxygen and dissolved As, Fe(oxyhydr)oxides tend to co-precipitate As.  A drop in redox 
state, as with the consumption of oxygen by microbial activity, can lead to dissolution of 
Fe(oxyhydr)oxides, which also reduces and liberates As (Schreiber et al. 2000).  Iron 
(oxyhydr)oxides can also retain As through adsorption reactions at the mineral surface in 
weak, labile associations.   Poorly ordered Fe(oxyhydr)oxides have been reported to 
provide more sorption sites than well-ordered phases because of their greater surface area 
(Borgaard 1983).  Increases in pH and anion competition are known to cause As-
desorption (Banerjee et al. 2008).  In most systems where adsorbed and co-precipitated 
As in Fe (oxyhydr)oxides are implicated in As release to groundwater the co-precipitation 
or sorption mechanism is believed to be authigenic, meaning that the mineral formed 
from solution in its current location (Smedley and Kinniburgh 2002).  Recent work by 
Jennings et al. (2015) suggests that some oxidized As may have been sourced from the 
Gammon Ferruginous member of the Pierre Shale Formation (Bamburak 2008) as 
arsenate co-precipitated with siderite (FeCO3). 
 
Speciation has long been seen as key to understanding the mobilization of arsenic from 
solids to groundwaters.   Earlier work on speciation began with extractions (Keon et al. 
2001, Huerta-Dias and Morse 1990) and column or reactor experiments (Cummings et al. 
1999, Islam et al. 2005).  
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X-ray absorption spectroscopy (XAS) opened up the possibility of making direct 
measurements on environmental concentrations of As in the solid phase.  Much of the 
early XAS on arsenic came from the Gordon Brown Group (MIT) the Scott Fendorf 
Group (Idaho and later Stanford) and the arsenic XAS literature is still dominated by 
these groups and their former students and postdocs.  An excellent summary of previous 
synchrotron-based work on As can be found in Foster and Kim (2014). 
  9 
 CHAPTER 2: SOLID-PHASE ARSENIC SPECIATION IN AQUIFER 
SEDIMENTS: A MICRO-X-RAY ABSORPTION SPECTROSCOPY APPROACH 
FOR QUANTIFYING TRACE-LEVEL SPECIATION 
 
Sarah L. Nicholas1,2, Melinda L. Erickson3, Laurel G. Woodruff3, Alan R. Knaeble4, 
Matthew A. Marcus5, Joshua K. Lynch6,7, Brandy M. Toner1* 
 
1 Department of Soil, Water, and Climate, University of Minnesota-Twin Cities, Saint 
Paul, MN, USA     
 
2 Department of Earth and Ocean Sciences, National University of Ireland, Galway, 
Ireland 
 
3 United States Geological Survey, Minnesota Water Science Center, Mounds View, MN, 
USA 
 
4 Minnesota Geological Survey, Saint Paul, MN, USA 
 
5 Advanced Light Source, Lawrence Berkeley National Laboratory, Berkeley, CA, USA 
 
6 Department of Biomedical Informatics and Computational Biology, University of 
Minnesota-Twin Cities, Saint Paul, MN, USA 
 
8 Department of Agricultural and BioSystems Engineering, University of Arizona, Tucson 
AZ, USA 
 
 
 
 
 
 
 
 
 
  10 
*Corresponding author: toner@umn.edu 
Abstract – Arsenic (As) is a geogenic contaminant affecting groundwater in geologically 
diverse systems globally.  Arsenic release from aquifer sediments to groundwater is 
favored when biogeochemical conditions, especially oxidation-reduction (redox) 
potential, in aquifers fluctuate.  The specific objective of this research is to identify the 
solid-phase sources and geochemical mechanisms of release of As in aquifers of the Des 
Moines Lobe glacial advance.   The overarching hypothesis is that gradients in 
hydrologic conductivity and redox conditions found at aquifer-aquitard interfaces 
promote a suite of geochemical reactions leading to mineral alteration and release of As 
to groundwater.  A microprobe X-ray absorption spectroscopy (µXAS) approach is 
developed and applied to rotosonic drill core samples to identify the solid-phase 
speciation of As in aquifer, aquitard, and aquifer-aquitard interface sediments.  This 
approach addresses the low solid-phase As concentrations, as well as the fine-scale 
physical and chemical heterogeneity of the sediments.  The spectroscopy data is analyzed 
using novel cosine-distance and correlation-distance hierarchical clustering for Fe 1s and 
As 1s µXAS datasets.  The solid-phase Fe and As speciation is then interpreted using 
sediment and well-water chemical data to propose solid-phase As reservoirs and release 
mechanisms.  The results confirm that in two of the three locations studied, the glacial 
sediment forming the aquitard is the source of As to the aquifer sediments.  The results 
are consistent with three different As release mechanisms: (1) desorption from Fe 
oxyhydroxides, (2) reductive dissolution of Fe oxyhydroxides, and (3) oxidative 
dissolution of Fe sulfides.  The findings confirm that glacial sediments at the interface 
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between aquifer and aquitard are geochemically active zones for As.  The diversity of As 
release mechanisms is consistent with the geographic heterogeneity observed in the 
distribution of elevated-As wells.       
  
2.1. INTRODUCTION 
Arsenic (As) is a naturally-occurring (geogenic) contaminant affecting groundwater in 
geologically diverse systems in Asia, Europe, Africa, and North and South America.  In 
many cases, As contamination is localized within specific aquifer sediments due to a 
confluence of hydrological, geochemical, and biological conditions (Stuckey et al. 2015).  
Despite the localized aspect of As contamination of groundwater, the conditions needed 
to produce contamination are found in many locations worldwide (Smedley and 
Kinneborough 2002).   
Arsenic in aquifer sediments is often associated with iron (Fe) and sulfur (S) minerals, 
primarily oxyhydroxides and sulfides of Fe.  Arsenic-bearing Fe sulfides such as 
arsenopyrite, FeAsS, or As-rich pyrite FeS2-xAsx, are minerals that are favored under 
chemically reducing conditions (Schreiber and Rimstidt 2013).   Under chemically 
oxidizing conditions As is associated with Fe(oxyhydr)oxides such as goethite, α-
FeOOH, through sorption and co-precipitation reactions.  From the perspective of As 
removal from and release to groundwater, these mineral types represent oxidation-
reduction (redox) end-members.  Each is a solid-phase reservoir with strong potential for 
As release when (bio)geochemical conditions, especially redox, in aquifers change.   A 
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good understanding of As speciation in the solid phase is necessary to identify the 
processes liberating As to waters (Kocar et al. 2008, Haque et al. 2008, Quicksall et al. 
2008, Saalfield and Bostick 2009).   
The hydrogeochemical gradients found at interfaces between different sediment types, for 
example aquifer and aquitard sediments, are thought to create active biogeochemical 
reaction zones (McMahon 2001).  For As in glacial aquifers, this principle has been 
demonstrated through a comparison of As concentrations in wells with screened intervals 
with varying proximity to an aquitard.   Wells that were screened near the aquitard were 
more likely to have elevated well-water As concentrations than wells with screens farther 
from the aquitard (Erickson and Barnes 2005a).  These findings suggest that the original 
solid-phase source of the As is in the aquitard (Erickson and Barnes 2005b).   
The objective of the present research is to identify the solid-phase sources of As in the 
complex glacial aquifer system of the Des Moines Lobe glacial advance, and to explain 
the geographic heterogeneity of As affected wells within this aquifer system.   Our 
hypothesis is that gradients in hydrologic conductivity and oxidation-reduction (redox) 
conditions present at the aquifer-aquitard contact can cause oxidative (e.g. As-bearing 
pyrite) or reductive (e.g. As-sorbed ferrihydrite) alteration of minerals and release of As 
to groundwater.   
In this contribution we use an As 1s and Fe 1s (K-edge) microprobe X-ray absorption 
spectroscopy (XAS) approach to identify the solid-phase speciation of As in aquifer 
sediments collected from an As-affected region of the Des Moines Lobe glacial advance.  
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We describe and quantify differences in As speciation among: 1) aquifer sediments, 2) 
mid-aquitard sediments, and 3) aquitard sediments at the aquifer-aquitard contact.   Our 
analytical approach follows a quantitative track and a descriptive track.  For the 
quantitative track, we use sediment chemistry and a novel As speciation mapping 
approach to measure the total As concentration as well as relative abundance of four As 
species types:   
1) mineral-bound arsenate — As(V), 
2) mineral-bound arsenite —As(III),  
3) As(III)-sulfide — orpiment-type sulfide in which As is the metal bound to reduced S, 
and 
4) As(-I) sulfide — arsenopyrite and arsenian-pyrite type sulfides, in which As 
substitutes for sulfur in the disulfide and is bound to both Fe and S.   
For the descriptive track, we use linear combination fitting and hierarchical clustering of 
X-ray absorption near-edge structure (XANES) spectra to describe As and Fe speciation 
in detail at discrete points in each sample.  The spectroscopic data are interpreted in the 
context of existing databases of well water chemistry.    
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2.1.1 Arsenic Release Mechanisms in Glacial Aquifers 
Three specific As release mechanisms are relevant for glacial aquifers and aquitards:  
desorption, reductive dissolution of Fe(III)(oxyhydr)oxides, and oxidative dissolution of 
sulfide minerals (Harvey and Beckie 2005).   
2.1.1.1 Adsorption and Desorption   
Adsorption is a process by which molecules and ions in one phase attach to the surface of 
another phase via weak electrostatic bonds.  In the case of As, sorbing species are often 
arsenate (e.g. H3AsO4, H2AsO4-, HAsO4-2, AsO4-3) or an arsenite aqueous species (e.g. 
H3AsO3, H2AsO3-, HAsO3-2, AsO3-3) (Cullen and Reimer 1989).  The arsenate species 
H2AsO4- and HAsO4-2 and the arsenite species H3AsO3 are the most relevant for the 
circumneutral suboxic aquifer conditions.  Arsenate is typically bound to 
Fe(oxyhydr)oxides via inner-sphere complexes while arsenite species tend to sorb to 
Fe(oxyhydr)oxides via both inner and outer sphere complexes (Goldberg and Johnston 
2001).    
Adsorbed species return to solution through desorption processes.  In reductive 
desorption the chemical reduction of a sorbed species results in its release to solution 
(e.g. sorbed arsenate reduced to arsenite).   Reductive desorption is often attributed to 
microbial activity but could be caused by any process that lowers the redox potential.  
The overall effect of frequent changes in redox state from oxic to reduced on As-affected 
systems is a greater concentration of dissolved As (O’Day et al. 2004).   Competitive 
ions, especially anions such as ortho-phosphate (e.g. ligand exchange with ortho-
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phosphate) are known to increase desorption of As (Banerjee et al. 2008; Gao et al. 
2011).   Sorption processes are thought to be important in controlling As concentrations 
in groundwater in the Red River of Vietnam (Mai et al. 2014) and in Bangladesh (Harvey 
et al. 2002; Polizzotto et al. 2006; Itai et al. 2010; van Geen et al. 2013).   
Desorption tends to liberate As without changes to speciation of Fe or S and should have 
little impact on Fe and S concentrations in groundwater.  Well waters in which desorption 
is a primary factor in liberating As would have little difference in dissolved Fe and S 
concentrations between high As and low As wells.  If As were released to waters via 
desorption, then the solid phase would include arsenate and/or  arsenite co-located with 
Fe(III) secondary minerals, such as clays and (oxyhydr)oxides.  
2.1.1.2  Reductive Dissolution 
Reductive dissolution occurs when the chemical reduction of atoms in a crystal leads to 
higher solubility reaction products and dissolution of the mineral.  In oxic systems, where 
Fe and As are present, As is often associated with Fe (oxyhyr)oxides through sorption 
and co-precipitation reactions.  Dissolution of Fe(oxyhydr)oxide releases As and Fe from 
these minerals to solution (Smedley and Kinneborough 2002).   
(Equation 1)   
𝐻𝐴𝑠𝑂%&' ⋯𝐹𝑒𝑂𝑂𝐻	 𝑠 + 3𝐻. 𝑎𝑞 +	𝑒' → 𝐹𝑒&. 𝑎𝑞 + 2𝐻&𝑂	 𝑙 + 	𝐻𝐴𝑠𝑂%&'	    
 
When sorbed arsenate is present, reductive desorption may accompany reductive 
dissolution (Erbs et al. 2010).  Reductive dissolution of As-bearing Fe(oxyhydr)oxides 
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has been identified as an important process releasing As from industrially contaminated 
sediments (Weber et al. 2010), mine wastes (Langmuir et al. 2006), natural soils (Bennett 
and Dudas 2003), and sediments (Chow and Taillefert 2009; Rowland et al. 2007; Akai et 
al. 2004; McArthur et al. 2004). 
Reductive dissolution of As-bearing Fe(oxyhydr)oxides would be expected to be 
preceded by sulfate reduction, and would tend to liberate As and Fe to solution without 
an increase in sulfate concentration (Borch et al. 2010, Hansel et al. 2015).  Well waters 
in which reductive dissolution is a primary factor in liberating As should have higher Fe 
concentrations without an increase in sulfate in sulfate between high As and low As 
wells.  If As were released to waters via reductive dissolution, then arsenate and arsenite 
would be co-located with Fe(III) bearing secondary minerals, such as clays and 
(oxyhydr)oxides.  
2.1.1.3.  Oxidative Dissolution   
Oxidative dissolution is the process by which minerals dissolve due to chemical oxidation 
of one or more elements in the mineral crystal, and it may be congruent (all elements in 
the mineral dissolve) or incongruent (some elements dissolve and others transform into 
another mineral).  An example of congruent oxidative dissolution would be the oxidation 
of arsenopyrite (AsFeS) or As-pyrite (FeS2-xAsx) to form Fe2+, arsenite, and sulfate 
aqueous reaction products.  Under low pH conditions (e.g. acid waste) this reaction 
produces Fe2+(aq) (Walker et al. 2006; Schreiber and Rimstidt 2013; Corkhill and 
Vaughan 2009).  
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(Equation 2) 
4𝐹𝑒𝐴𝑠𝑆(7) + 11𝑂&(:) + 6𝐻&𝑂(<) 	→ 	4𝐹𝑒(=>)&. + 4𝐻?𝐴𝑠𝑂?(=>) + 4𝑆𝑂%(=>)&' 	 
 In circumneutral and basic pH environments, Fe2+(aq) oxidizes to Fe(III) and precipitates 
as an Fe(oxyhydr)oxide.  The precipitated (oxyhydr)oxide may form a weathering rind 
that slows further oxidation (Schreiber and Rimstidt 2013), and the freshly formed 
(oxyhydr)oxide presents favorable binding sites for the dissolved As (Yu et al. 2007; 
James and Bartlett 1999).   
 
(Equation 3)                                  𝐹𝑒(=>)&. + 2𝐻&𝑂(<) → 𝐹𝑒𝑂𝑂𝐻(7) + 3𝐻(=>). + 𝑒' 
Depending on redox and pH, arsenite could stay in solution, sorb to the newly formed 
Fe(oxyhydr)oxide mineral, or oxidize to arsenate and subsequently sorb to the 
Fe(oxyhydr)oxide mineral.  It is the balance between solid and aqueous phase As that 
will determine the amount of As in the groundwater. 
Oxidative dissolution of As sulfides has been identified as a source of As to groundwater 
in mine wastes (Yu et al. 2007; Nesbitt et al. 1995) and in bedrock aquifers that contain 
sulfide minerals (West et al. 2012; Kolker et al. 2003; Schreiber et al. 2000).   For As to 
be liberated to waters from sulfides, As-bearing sulfide minerals must be present in the 
sediments, and an oxidant available in solution.   
If oxidative dissolution of As-bearing sulfides were occurring, then wells with elevated 
As would also have higher concentrations of dissolved Fe and sulfate than in the nearby 
wells without elevated As.  If incongruent dissolution, or very rapid oxidation and re-
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precipitation of Fe as (oxyhydr)oxides, were occurring, then particles with As sulfides 
and Fe(oxyhydr)oxides would be co-located in the aquifer solids.  
 
2.2. MATERIALS AND METHODS 
2.2.1 Regional Setting 
Samples for analysis were collected from rotary-sonic cores of glacial deposits within the 
footprint of the Des Moines Lobe Glacial advance in west-central Minnesota, USA 
(Fig.1) (Welch 2000).    This region is a nexus of drinking-water wells that exceed the US 
EPA maximum contaminant level (MCL) As>10µgL-1.  The upper aquifers are glacial 
materials deposited by different ice-streams within the Des Moines Lobe.   These fast-
moving glaciers were similar to those active in Antarctica today and originated from an 
ice dome in what is now central Canada at the end of the last glaciation (Patterson 1998; 
Jennings 2006).  The ice-streams had different points of origin and traveled different 
paths and therefore entrained and deposited diverse geologic materials (Slatt and Eyles 
1981).  The geographic extent of the sediments is controlled by bedrock and pre-Des 
Moines-lobe glacial deposit topographic highs to the east and west.  Des Moines Lobe 
ice-stream sediments are underlain by older aquifer sediments from previous glacial 
periods (Harris and Berg 2006; Harris et al. 1999;  Patterson et al. 1999) that are 
constrained by the same bedrock topography (Wright 1972).   Because Des Moines Lobe 
deposits are widespread and complex, identification of  these glacial deposits as a 
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probable source of As to well water leaves a wide range of possible geologic sources of 
As.  No single formation has been identified as the source of arsenic to well waters.             
Glacial aquifers typically form in glacial-outwash sediments composed of sands and 
gravels deposited by fast-moving glacial meltwater (Fig.2) (Prothero and Schwab, 1996), 
but may also form in sandy lake sediment.  The sediments confining these aquifers are 
glacial tills composed of poorly sorted sediments in a matrix of finely-ground clay-sized 
material (Ojakangas and Matsch 1982).  The clay-sized matrix of till creates low-
permeability conditions which allow them to function as confining layers, or aquitards, in 
glacial aquifer systems (Berg 2006, 2008).  Aquitards limit the movement of groundwater 
to the more conductive sands and gravels of the aquifers.  Glacial aquifers tend to be 
laterally discontinuous (Ojakangas and Matsch 1982), which likely contributes to the 
geographic heterogeneity observed in groundwater properties, including As 
concentrations (Toner et al. 2011).                                  
Sediments in this region are not unusually elevated in As.  The crustal average is about 
5.1 mgkg-1 (Rudnick and Gao 2003).  The highest As concentration found in any of the 
sediments measured for this study is 12.1 mgkg-1, the lowest concentration was 2.6 mgkg-
1, the average concentration was 6.6 mgkg-1and the median concentration was 6.8 mgkg-1. 
The distribution of the elevated-As wells is strongly heterogeneous with respect to 
geography and well depth and previous research based on well-water chemistry and well-
construction records suggested that the aquitard/aquifer interface was the likely source of 
As from solids to waters (Erickson and Barnes, 2005a).  Wells with screened intervals 
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close to an aquitard are more likely to have elevated well-water As concentrations than 
wells with screens farther from the aquitard (Fig. 3; Erickson and Barnes 2005b).  These 
findings suggest that the original solid-phase source of the As is in the till, and that 
hydrological and biogeochemical processes at the aquitard-aquifer interface could be 
liberating As to groundwater.   
2.2.2 Sample Selection 
Samples for analysis were selected from archived rotasonic cores drilled by the 
Minnesota Geological Survey, and archived at the Lands and Minerals Drill Core 
Library, Minnesota Department of Natural Resources, Hibbing, Minnesota, USA.   Cores 
in the sample archive are stored in wooden core-boxes in ambient air. 
Sets of samples were analyzed from three cores (Fig.1).  The cores and the depths 
analyzed were chosen based on their proximity to high As drinking water wells, and the 
depths of the wells (Minnesota Department of Health [MDH], 2001, 2002; Minnesota 
Pollution Control Agency [MPCA] 1999; Toner et al 2011).  Core OTT3 (Grant County, 
Minnesota, 46.06°N, 95.998°W) was collected and described by the Minnesota 
Geological Survey in 1997 (Harris et al. 1999).  Fifteen subsamples of the different strata 
from core OTT3 were analyzed for sediment chemistry and three samples of these strata 
were also examined via XAS.  Core TG3 (Stevens County, Minnesota,45.39°N, 
99.055°W ) was collected by the Minnesota Geological Survey in 2000 (Harris and Berg 
2006).  Eleven subsamples of the different strata from core TG3 were analyzed for 
sediment chemistry and four samples of the sampled strata were also examined via XAS.   
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Core UMRB2 was collected by the Minnesota Geological Survey in 1997 (Patterson et al 
1999).   Nineteen subsamples from the different strata of core UMRB2 were analyzed for 
sediment chemistry and four samples of those strata were also examined via XAS.  A 
single sample from a fourth core (TG4 sample 28, Pope County, Minnesota, 45.74°N, 
95.623°W, collected in 2000) (Harris and Berg 2006) was also analyzed and these data 
are included in the supplementary materials.  No further samples from TG4 were 
analyzed so this sample cannot be compared with other materials from the same core.  
Samples were selected using published stratigraphic descriptions (Harris et al, 1999; 
Harris and Berg, 2006; Patterson et al. 1999).  Sample sets for these aquifer deposits 
include: (1) a sample from within the aquifer deposit that we will call “aquifer,” (2) a 
sample of aquitard material in close contact with the aquifer that we will call the 
“aquitard-aquifer contact” or “contact”, and (3) a sample of the aquitard material not in 
contact with the aquifer that we will call “aquitard.”  The aquitard sample was chosen 
from the same material as the contact till at a distance at least 5 meters above the contact.  
In addition to these three types, the UMRB2 set of samples contains a second below-
aquifer contact sample.   The TG3 set contains an additional sample of a thin silt horizon 
at the aquifer/aquitard boundary. 
2.2.3 Well-Water Chemistry Near the Cores 
Well-water chemistry data: pH, Eh, and As, Fe, and sulfate concentrations used in this 
study (Table 1) came from previous statewide and regional groundwater chemistry 
studies conducted in 1998 and 1999 (MPCA 1999; MDH 2001, 2002; MGS and MDH 
2004).  The reported water chemistry comes from single sampling events (each well was 
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sampled once) so temporal variability and seasonal effects cannot be evaluated from 
these data.  We limited our comparison between the solids and the well water to wells 
within 10km of each core.  We divided the wells near the three cores into two groups, 
“high” and “low” As concentrations.  The high As group has arsenic concentrations that 
exceed the US EPA MCL of 10µgL-1 and low As group has arsenic concentrations below 
10µgL-1.  The 10km buffer distance was chosen arbitrarily. Within the 10km buffer of the 
three cores there were 50 wells, however 19 of these wells had some kind of water 
treatment in place (either water softeners or Fe removers); these wells were not included 
in any analysis.   
Initial aqueous species activities for the predominance diagram in the discussion were 
generated with Geochemist’s Workbench REACT sub-program (Bethke 2008) using the 
average Eh, pH, As, Fe, sulfate, and Cl- concentrations of the untreated wells within 
10km of the cores (MPCA 1999, MDH 2001).  Only 29 of the wells had a reported 
sulfate measurement.  Redox and dissociation constants used to delineate the 
predominance fields were generated using published constants (James and Bartlett 1999; 
Wagman 1982;  Eary 1992)  and enthalpies (Rossini et al. 1952; Stull and Prophet 1971; 
Bryndzia and Kleppa 1988).  These were adjusted to the average measured well-water 
temperature of 10ºC using the van’t Hoff equation (van’t Hoff 1874). 
2.2.4 Sample Processing 
Core sections of interest were photographed in place and then approximately half of each 
section was removed for processing.  The remaining halves are under curation at the MN-
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DNR core archive.  Outer parts of the core that had been in contact with the core barrel 
and drilling water were removed from the core and retained separately.  In the case of 
aquifer materials that did not retain a regular shape we collected the aliquot from the 
innermost part in the core bag. The remaining inner portion of the core was disaggregated 
in a ceramic mortar and pestle, and sieved to remove pebbles greater than 2 mm. The 
>2mm pebble fraction was retained separately.  The <2mm fraction was then split and an 
aliquot of the sample (~50g) was ground to <150 µm using a corundum mortar and 
pestle.   The remaining split of the <2mm fraction was retained separately and subsequent 
splits of this fraction were subjected to dissolution and sediment chemistry.  The <150 
µm fraction was split into aliquots for sediment chemistry and X-ray absorption 
spectroscopy.    
2.2.5 Unconsolidated Sediment Chemistry 
Sediment chemistry was completed by the United States Geological Survey (USGS) 
contract laboratory using methods detailed in Taggart (2002).   For all sediments, the 
<2mm fractions were digested in a four-acid decomposition (nitric, hydrochloric, 
perchloric, and hydrofluoric acids)  that dissolves most minerals.  Forty-two major and 
trace elements were then measured via a combined inductively coupled plasma atomic 
emission spectrometry/mass spectrometry (ICP-AES/MS) method.  Arsenic and selenium 
(Se) were measured separately by continuous flow hydride generation-atomic absorption 
spectrometry, and mercury (Hg) was analyzed by cold-vapor atomic absorption.  In 
addition to the 4-acid near-total extraction, sediment was also subjected to a weak 
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peroxide leach and analyzed by ICP-MS. This method extracts loosely-bound metals, 
including As, that are sorbed to sediment. 
2.2.6  X-ray Absorption Spectroscopy 
2.2.6.1  Bulk X-ray Absorption Spectroscopy  
Most of the As 1s X-ray absorption near-edge structure (XANES) reference spectra were 
collected from reference materials at the Advanced Photon Source (APS), Argonne 
National Laboratory beamlines 20-BM and 13-BM.  At 20-BM, the monochromator was 
calibrated with gold foil using an assumed value for the XANES inflection point of 
11,919.7 eV.  After monochromator calibration, a sodium arsenate (main peak maximum 
set to 11,875 eV at other beamlines) standard was measured to allow for a unified 
calibration scheme among beamlines.  The reference materials were: (1) orpiment, As2S3 
; (2) arsenopyrite,  FeAsS; (3) arsenate sorbed goethite α-FeOOH; (4) arsenate sorbed 2-
line ferrihydrite ; (5) arsenate sorbed diopside MgCaSi2O6; (6) arsenate sorbed  anorthite 
CaAl2Si2O8; (7) arsenate sorbed  ramsdellite Mn(IV)O4; (8) arsenate sorbed calcite  
CaCO3; (9) arsenate sorbed opal SiO2 ·nH2O; (10) arsenite sorbed 2-line ferrihydrite ; 
(11) aqueous sodium arsenate NaH2AsO4 · H2O; (12) aqueous sodium arsenite Na3AsO3 · 
H2O; (13) sodium arsenate NaH2AsO4; and (14) sodium arsenite  Na3AsO3.  The goethite 
(micro-crystalline) and ferrihydrite were synthesized using published methods 
(Schwertmann and Cornell 1991) and the sorption experiments yielded ~ 800 mg As kg-1 
oxide at pH 7 and pH 8.  The orpiment, arsenopyrite, anorthite, ramsdellite, calcite, and 
opal were type specimens from the Department of Earth Science, University of 
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Minnesota.   (A complete list and references for all As and Fe reference spectra used are 
described in the Electronic Annex: EA Table 1 and EA Table 2). 
The valence state of As in bulk glacial sediments was also measured using As 1s XANES 
spectroscopy at the APS beamline 20-BM.  Air-dry sediments were packed into Teflon® 
holders with Kapton® film and nylon screws.    The samples were then mounted in a 
cryogenic holder cooled to 20 K (Janis Research Co., Inc.) for fluorescence mode 
measurements using a 13-element solid state detector (Canberra).  No evidence for 
photon-induced damage to As speciation was observed under these conditions.  The beam 
spot size on the sample was ~ 400 × 800 µm: this is much smaller than the sample area (~ 
5 × 15 mm) so the sample was mapped using X-ray fluorescence (XRF).  In these maps, 
spatial heterogeneity in the As signal was observed despite physical homogenization of 
the sample (see Section 3.4 Sample Processing).  Sample locations with relative 
uniformity of As XRF signal in contiguous pixels were chosen for data collection.  
Arsenic spectra collected in this way yielded non-uniform chemical signatures within the 
homogenized samples.  A single representative As XANES spectrum could not be 
measured for an individual sample.  Therefore, a microprobe speciation-mapping 
approach to describe and quantify As speciation in the samples was developed for, and 
applied to, these sediments. 
2.2.6.2 Micro-probe X-ray Absorption Spectroscopy   
Microprobe X-ray fluorescence (µXRF) maps, As and Fe 1s XANES spectroscopy, and 
As “speciation maps”  were measured at the X-ray micro-probe beamline 10.3.2, 
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Advanced Light Source, Lawrence Berkeley National Laboratory (Marcus et al. 2004).  
For As, the monochromator was calibrated by setting the main resonance of the As 
XANES spectrum of sodium arsenate to 11,875 eV.  For Fe measurements, the 
monochromator was calibrated using Fe foil with the inflection point of the XANES 
spectrum set to 7110.75 eV.  Powdered samples were adhered to Kapton® film 
(stabilized underneath by plastic cover-slips; Rinzel®).  Fluorescence mode 
measurements were made with a Canberra 7-element Ge detector, or with Vortex  or 
Amp-Tek silicon drift diode detectors.  Measurements were conducted at room 
temperature in ambient atmosphere.  Photon-induced oxidation of As(III) was observed 
in some samples, so all As XANES data were collected in “quick” mode with a full 
sweep of the monochromator in 30 s.  The number of sweeps per point varied depending 
on the quality of the spectra, for most points 30-45 sweeps were collected while more 
diffuse spots required more than 60 sweeps to resolve the spectra sufficiently for fitting.  
The speciation of As in the samples was described in two steps:  
1) The spatial distributions of total As, Fe, and other elements (calcium, titanium, 
chromium, manganese, and nickel) were mapped via XRF with a resolution of 5-10 µm2 
pixels (beam size 6µm in the vertical and between 6.2 and 11.6 µm in the horizontal).  2) 
Point As XANES data were collected in the area of the XRF map.  These As spectra were 
compared with a set of 25 As reference species spectra using linear least-squares 
combination fitting (LCF) in order to understand the range and combination of As species 
present.  The best-fitting As species were used to inform choices of energies in making 
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the speciation maps (described below).  Linear least-squares combination fitting is 
described in greater detail in Section 3.9.3 As and Fe XANES Linear Combination 
Fitting.   
Reference spectra on arsenopyrite (Julcani, Peru) and lollingite (Lölling, Austria)  were 
collected via grazing-exit fluorescence on polished sections by using the Amp-Tek 
silicon drift diode detector.  (A complete list and references for all As and Fe reference 
spectra used are described in Tables EA1 and EA2). 
 
2.2.7 Analytical Challenges and Approach 
Measuring the speciation of As in glacial sediments presents diverse analytical 
challenges.  The overall concentration of As in the samples is very low (3-12 mg kg-1).  
In addition, As in the samples is physically and chemically heterogeneous and contained 
within a matrix with high Fe concentrations, which increases the difficulty of X-ray 
measurements of As.  These samples have many particles with dilute As and rare 
particles with concentrated As,  set in a matrix of particles with no detectable As.  To test 
our hypothesis, we needed to know what species were present, and we needed to quantify 
them at the sample level.  To overcome these challenges, we used whole-rock chemistry 
for total As concentration, and two complementary XAS techniques to describe and 
quantify the species of As present.  An annotated process diagram illustrating the entire 
µXAS data collection and analysis method for point XANES analysis and speciation 
mapping is available in the Electronic Annex (EA Fig.1).   
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We measured solid-phase As speciation with micro-probe XAS in two modes: point-
XANES and speciation mapping.  Speciation mapping provides quantitative but very 
general As speciation (valence state) over a large number of particles and aggregates.  
The point XANES give detailed speciation at representative points within the samples.    
For our study this dual approach—point XANES and speciation mapping—was required.  
A point XANES approach alone failed because the samples are both dilute and 
heterogeneous with respect to As.  It was not possible to collect spectra on a sufficiency 
of random points to draw statistically supportable conclusions about relative abundance.  
The point XANES were collected with the goal of illustrating the variety of As species 
present in the sample, and the speciation mapping was used to determine relative 
abundance of As species.   
All As in these samples is co-located with Fe.  For this reason, a good understanding of 
speciation of Fe is valuable to our interpretation of As release to waters.   Arsenic is 
present in the samples at very low concentrations, while Fe is a major element in the 
samples.  Excluding Fe that is not chemically bound to As presented an analytical 
challenge, and Fe XANES were collected only on the points that had As XANES 
collected.  To limit our Fe XANES collection to the As XANES points, we calibrated for 
Fe and collected Fe XANES points after the As mapping and As XANES were complete. 
To return faithfully to these points, after calibrating on Fe foil we returned to the location 
of each As XANES point, optimized the beam position for As, and then collected the Fe 
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XANES at that point.  Where we had collected As XANES on diffuse As regions we 
centered the beam at the middle of the diffuse As region and collected the Fe XANES.    
2.2.8  Arsenic Speciation Mapping 
An As “speciation mapping” protocol was developed for glacial sediments (Toner et al. 
2014) (EA Fig.1 “Quantitative Track”). The method has the same components as 
chemical/speciation/multi-energy mapping methods developed for S (Zeng et al. 2013, 
Pickering et al. 2009) and Fe (Lam et al. 2012, Mayhew et al. 2011, Toner et al. 2012, 
Marcus et al. 2010).  Multiple XRF maps were collected from sample areas with energies 
spanning the As 1s absorption edge. The number of XRF maps and the incident energy 
for each were chosen based on: 1) the observed As species present (point XANES 
observations); and 2) the degree to which the absorbance at specific energies could 
distinguish among the species present.  This selection process was aided by a custom 
beamline program (Electronic Annex Appendix 1: Mathematical basis of chem map error 
estimator software).  The XRF maps were deadtime corrected, registered, and compiled 
into a single file that will be referred to as a “speciation map”.   
For the glacial sediments, the chem map error estimator calculations indicated that six 
incident energies for XRF maps were needed to describe the As species with a speciation 
mapping approach: 11830eV (pre-edge), 11868 eV (arsenopyrite), 11869 eV (orpiment), 
11871.5 eV (arsenite), 11875 eV (arsenate), and 11979 eV (post-edge).  The species 
listed for each energy are those for which mapping at that energy provides the greatest 
sensitivity, but all species contribute to the signals at all energies.  The speciation map 
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data sets were composed of six XRF maps that yield a six-point absorption profile at each 
pixel in the aligned composite map, with an error estimate for the calculated species in a 
speciation map of less than 10 mol % for each species type.  The first three As speciation 
maps collected (OTT3_55, OTT3_73 and OTT3_74) were collected using 5 single energy 
maps: the 11868 eV map was not collected.  In subsequent As speciation mapping, both 
11868eV and 11869eV maps were used to distinguish As(-I) -sulfide (arsenopyrite- type 
sulfide in which As substitutes for sulfur in the disulfide and is bound to both Fe and 
reduced S) and As(III)-sulfide (orpiment-type sulfide in which As is the metal bound to 
reduced S).   For the OTT3 series, the estimated error between As(V), As(III), and either 
As(III)-sulfide or As(-I)-sulfide is 10% but the estimated error in distinguishing between 
As(-I)-sulfide and As(III)-sulfide is ~30%.  For this reason we report a single As-sulfide 
fraction in the results and discussion of OTT3 samples, rather than As(III)-sulfide and 
As(-I)-sulfide as for the other samples. 
The speciation maps were fit pixel-by-pixel by LCF with reference spectra and a material 
blank with custom beamline software (Marcus 2010).   We used four reference spectra to 
fit to the map (one each of: sorbed As(V), sorbed As(III), orpiment, and arsenopyrite). 
This set of reference spectra was identified during the initial As XANES survey as 
representative of the sample composition.  The quality of the speciation map fits was 
evaluated with the whole-map mean squared error.  The agreement between the 
speciation map fits and point XANES data was evaluated by comparing the species 
fraction from the maps with the species fraction from the point XANES using the same 4-
species reference set as the map, and allowing 4-member fits.  This procedure differs 
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from the point XANES for LCF that were fit with a 25-member reference set that allows 
up to three members  (3.6.2 Micro-Probe X-ray Absorption Spectroscopy).   Beam size 
was wider and shorter (12µm × 4µm) for the point XANES collection than for the 
individual energy maps (6µm × 6µm), so the three pixel locations on the speciation map 
covered by the point XANES were averaged for comparison (Electronic Annex Figure 
EA Fig.2).  The mole fraction of each As species was calculated by summing the mole 
fraction from all pixels in the speciation map and normalizing by the number of pixels).   
Additional point As XANES spectra were collected within the area of the speciation map 
to ensure that the pixel-by-pixel fits and a point XANES collected on the same spot were 
in agreement (EA Fig.1 “Descriptive Track”).  Co-located Fe XANES spectra were 
collected on the same locations as the As XANES to describe As-bearing or associated 
minerals in greater detail.  Co-located As and Fe XANES for the mid-aquitard till 
(UMRB2_159) were collected from a multichannel XRF map rather than an As 
speciation map.  Arsenic spectra without co-located Fe spectra were collected on the 
UMRB2 speciation map.  
2.2.9   Arsenic and Fe XAS Data Analysis 
2.2.9.1  Novel Application of Established Statistical Approaches 
To gauge the similarity of the As and Fe spectra from each core we adapted some 
statistical tools commonly used in genomics and data mining to the spectroscopic data 
sets.  We used correlation-distance hierarchical clustering to compare the normalized 
sample spectra to each other.  Unlike Euclidean fitting methods (e.g. LCF), correlation-
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distance fitting is relatively insensitive to scaling (D’haeseleer 2005).  This makes it 
useful for pattern matching and comparing the raw spectra among themselves (database 
independent) but not very good for evaluating composition (Friedman and Alm 2012).  
Using correlation-distance we were able to quantify the similarities among the spectra 
themselves to identify stratum-specific populations.  
To complement the database-independent correlation-distance hierarchical clustering, we 
used cosine-distance clustering on our LCF results (database dependent) for both As and 
Fe speciation.  Cosine-distance hierarchical clustering is frequently used to analyze 
similarity in compositional data because it can accommodate a large number of 
components without introducing scaling artifacts (Friedman and Alm 2012).  Cosine-
distance hierarchical clustering is a popular method used to illustrate patterns of gene 
expression within a group of organisms (Eisen et al. 1998).  It is also a common method 
used in data mining to evaluate document similarity and for name disambiguation in 
search engines.  We took the results of LCF and assigned each reference spectrum to a 
broader species category (e.g. goethite, α-Fe(III)OOH, was assigned to 
Fe(III)(oxyhydr)oxides), based on general chemical properties of the reference materials.    
Arsenic categories and Fe categories were each normalized to 100% and the resulting 
vectors traced out a pattern of three basic particle types that were found in all three cores: 
(1) As and Fe sulfides, (2) oxidized As and Fe, and (3) As sulfide with oxidized Fe.   
 
2.2.9. 2 Arsenic and Fe XANES Correlation Distance 
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The As and Fe XANES spectra were compared with each other and suites of As and Fe 
reference spectra (Electronic Annex Tables EA Table 1 and EA Table 2) according to 
correlation distance in order to compare spectra in a way that is not sensitive to scaling 
and differences in mean values (D’haesseleer 2005).  Correlation distance Dxy was 
calculated between all pairs, where 𝑥AB  is normalized fluorescence of the sample spectrum 
at incident energy i, 𝑥A	is the mean of the normalized fluorescence for the first spectrum, 𝑦AB 	is the normalized fluorescence of the second spectrum at incident energy i, and 𝑦A is 
the mean of the normalized fluorescence of the second spectrum:   
(Equation 4)                                		𝐷E,G 	= 	1	 −	 		 EJK 'EJ 		 GJK 'GJLKMNEJK 'EJ OLKMN GJK 'GJ OLKMN  
Sample spectra and selected reference spectra were organized into dendrograms (trees) 
according to correlation distance.  The same four As references used to fit the As 
speciation maps were used as the reference spectra in the As correlation-distance trees for 
all three cores. The Fe sample spectra were more diverse than the As spectra and no 
single set of references fit well with the Fe correlation-distance trees of all three cores.   
 Iron references used in the correlation-distance trees were chosen by building a 
correlation distance tree with the entire Fe reference spectrum set, and then “pruning” 
branches made up entirely of references with no sample spectra by removing those 
reference spectra from the reference sample file for that tree.   After removing these 
distant references from the reference set, the Fe correlation-distance trees were built 
again, and references more closely related to other references than to the samples were 
removed.  This “pruning” brought the number of references used in the Fe trees down to 
~10 references per Fe tree.  Each reference set is somewhat different but all three include 
pyrite and goethite.   SciPy (Jones et al. 2001, Oliphant 2007) was used for hierarchical 
clustering.  Our script is available at  
https://github.com/jklynch/mr-fitty/blob/master/notebooks/hc_sig_cut_archived_tills_As. 
i.pynb 
and 
https://github.com/jklynch/mrfitty/blob/master/notebooks/hc_sig_cut_archived_tills_Fe.i
pynb. 
 
  34 
2.2.9.3  Arsenic and Fe XANES Linear Combination Fitting 
Linear combination fitting of a suite of As or Fe reference spectra was applied to each 
sample spectrum.  Linear least-squares fitting was applied to all single references, pairs 
and combinations of three references for each sample spectrum, any fit with negative 
coefficients was rejected.  Fits were selected based upon minimum values for the 
normalized sum of squares (NSS) for the residual.  For parsimony, a second component 
or third component was only added if it reduced the NSS by more than 10%.  Sample 
spectra best fits and scores were summarized according to individual references (i.e. 
arsenate sorbed to goethite pH7) and also according to broader species categories into 
which the individual references fall, e.g. “arsenate sorbed to goethite pH7” falls into the 
broader category “AsV”.  Tables of the As and Fe reference spectra including their 
broader species groups can be found in the Electronic Annex as EA Table1 and EA Table 
2.  We developed a program for linear combination fitting using SciPy (Jones et al. 2001, 
Oliphant 2007).  Our program is available at:  https://github.com/jklynch/mr-fitty.  
2.2.9.4  Analysis of Co-located As and Fe XANES 
The fractions of broader species categories for the co-located Fe and As XANES point 
spectra were used to generate a heat map and cosine-distance dendrograms to illustrate 
the relationship between As and Fe among the individual points and to identify 
populations of point types within the samples.  Cosine-distance hierarchical clustering is 
often used for compositional data because it is sensitive to differences from a mean 
composition (D’haeseleer 2005).  The horizontal dendrogram quantifies the similarity 
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among the fit composition of the sample spectra according to cosine distance, where in 
the horizontal 𝑢	and v are the fractional contribution of each broad group at m spots.  In 
the vertical dendrogram u and v are the fractional contribution of each spot to m broad 
groups.  This quantifies the co-occurrence of the broad reference categories among the 
spots:  
(Equation 5)                           𝐶𝑜𝑠𝑖𝑛𝑒	𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒	 = 	1	 −	 	XK	YKMN ZKXKOYKMN ZKOYKMN  
For this analysis, the Fe XANES fits to primary Fe-bearing silicates were not included 
because these mineral surfaces are thought to be relatively inert with respect to As.  For 
particles where primary Fe silicates were among the components, the primary Fe silicate 
component was removed from the total and the remaining components normalized to 
100%.  Heat maps and cosine-distance dendrograms were made using MatPlotLib 
(Hunter 2007).   
 
2.3. RESULTS 
2.3.1 Spatial Analysis of Well Water Chemistry 
Water chemistry conditions in wells above and below the As 10µgL-1 maximum 
contaminant level in wells within 10km of the three cores are shown in Table 1.   
Wells with elevated As near core OTT3 have slightly higher redox potential and lower 
pH (average 141eV, pH 7.2) than the nearby low As wells (114eV, pH7.7).  Well water 
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Fe and S concentrations in the vicinity of core OTT3 are sub-equal (within 10%) in both 
elevated As and low-As wells.  This is consistent with desorption as a mechanism 
liberating As to waters.   
Wells near core TG3 with elevated As have somewhat lower redox potential and slightly 
lower pH (134eV, pH 7.2) than nearby low As wells (175eV, pH 7.3). Elevated As wells 
near core TG3 have higher Fe (3867µgL-1  Fe) in the elevated As wells than the low As 
wells (1416µgL-1  Fe), but the sulfate concentration varies less than 10% between the two 
sets of wells.  This is consistent with reductive dissolution as a mechanism liberating As 
to waters. 
High As wells near core UMBR2 have somewhat lower pH and much higher Eh (pH 7.3 
and 224 mV) than the low As wells (pH 7.5, 134mV).  The high As wells have much 
higher Fe and sulfate (Fe 3845µgL-1, S 801mgL-1) than low As wells (Fe 1351µgL-1, S 
480mgL-1).  This is consistent with oxidative dissolution as a mechanism liberating As to 
waters. 
 2.3.2 Bulk Chemical Analysis   
The bulk chemical composition of the glacial sediments is displayed in Tables 2-4.  
Overall, the total As concentrations for the 46 samples are in the range of 2.6-12.3 mg 
As/kg sediment.  Total Fe and S concentrations are in the weight % range with 0.9-3.6 
wt. % Fe and 0.05- 2.9 wt. % S.  The Fe/S ratio is reported as a first-order approximation 
of redox state, where we would interpret sediments with higher Fe/S to be more oxidized 
than a low Fe/S ratio. 
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Sediment analyses on 15 samples from core OTT3 (Table 2) show As concentrations 
ranging from 2.6 to 11.6 mg kg-1 with lower As concentrations in aquifer sands and 
gravels than in till.  Iron concentrations ranged from 0.9 to 2.9 weight percent (wt. %) 
with lower Fe concentrations in aquifer sediments than in till.  Sulfur concentrations 
ranged from 0.2 to 0.9 wt. % with lower concentrations of S in aquifer sediments than in 
till.  The ratio of Fe/S tended to be higher in contact till and in the aquifer sands and 
gravels than in the mid-aquitard tills.   
The 12 samples from core TG3 (Table 3) show As concentrations from 3.6 to 8.7 mgkg-1.  
Iron concentrations range from 1.4 to 2.9 wt. % and sulfur (S) concentrations range from 
0.05 to 2.9 wt. %.    In the TG3 core in general, As, Fe and S concentrations are lower in 
aquifer sands and silts than in the till, and Fe/S ratios were higher in the near surface 
(TG3_28) sample and in the contact till and aquifer samples (TG3_56, 59 and 60), but in 
the aquifer sand at 31.4m (TG3_103) the Fe/S ratio was similar to the surrounding till.  
Sediment analysis on 19 samples from core UMRB2 (Table 4, 19 samples) shows that the 
As concentrations of the samples range from 4.9 to 12.3 mgkg-1.  Iron concentrations 
range from 1.3 to 3.6 wt. % and S concentrations range from 0.3 to 1.8 wt. %. Fe/S ratios 
from core UMRB2 are lower overall than samples from the other two cores, and unlike 
the other two cores, S concentrations are not always lower in the aquifer sediments.   
2.3.3 Solid-phase As and Fe Speciation 
Work on these samples followed two tracks, one quantitative and the other descriptive.  
The quantitative track uses whole-rock digestions to measure total As, and speciation 
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mapping to measure the As species fraction for each sample.  Speciation mapping 
collects spectroscopic data at hundreds of thousands of points in a sample, allowing us to 
calculate the relative abundance of As species groups.  The descriptive track relies on 
detailed analysis of a relatively small number of point XANES to describe As and Fe 
speciation.  The point XANES approach is necessary to “ground-truth” the speciation 
maps, as well as to identify the mineral species hosting As.  This two-tiered approach to 
data collection, as applied to Fe geochemistry, is reviewed by Toner et al. 2014; 2016.   
For the descriptive track, the first data analysis approach is correlation-distance 
hierarchical clustering (Section 3.9.2).  This type of analysis groups As and Fe XANES 
spectra by pattern similarity and is data-base independent.  Next, linear combination 
fitting (LCF) of As and Fe XANES spectra with reference spectra is conducted (Section 
3.9.3); this is a data-base dependent approach (As and Fe reference spectra are described 
in Table EA1 and EA2).  The final descriptive analysis relates co-located As and Fe 
species groups (derived from LCF of XANES) to each other using cosine-distance 
hierarchical clustering (Section 3.9.4).   
In the following sections, we report on results from As speciation mapping, as well as As 
and Fe XANES analyses for three cores (OTT3, TG3, UMRB2).   All Fe XANES 
reported are co-located with As XANES, but not all As XANES have a corresponding 
co-located Fe XANES spectrum. 
2.3.3.1 Agreement Between Point XANES and Speciation Maps 
  39 
Point XANES spectra generally confirmed the As species measured by the speciation 
maps.  However, the maps tended to underestimate the As(III) mole fraction when 
compared with the point XANES; this may be due to differences in spot size and energy 
resolution between the maps and points.  Speciation maps are collected with a 5 × 5 µm 
spot on the sample whereas the XANES spectra are collected at 15 × 4 µm to improve 
energy resolution and increase counts to the detector (horizontal × vertical; EA.Fig.2).  
The estimated As(III) fraction based on XANES spectra is up to 40% higher on small 
particles (< 10µm) than the As(III) per-pixel composition estimate from the maps.  The 
discrepancy is much smaller or completely absent when XANES are collected on larger 
particles.  The As(III) distribution tends to be diffuse throughout the sample, so small 
differences in beam position between the maps and the XANES tends to collect a larger 
fraction of As(III) from the diffuse background.   We conclude that the XANES 
measurements on small particles include more overflow signal from the surrounding area 
than do the maps.   
The speciation maps are less able to distinguish between As(-I) sulfides (Fe-As-type 
sulfides, where the As replaces S in a disulfide) and As(III) sulfides (orpiment-type 
sulfides in which As is the metal) than the point XANES spectra.  This outcome is in 
agreement with the ~ 1 eV difference in the main spectral feature between the two As 
species groups, as well as the trade-off between speciation mapping and points XANES 
(i.e. number of observations increases while spectral resolution per point decreases).  
However, the summed As(-I) sulfides and As(III) sulfides components from LCF agrees 
very well between maps and point XANES when normalized without As(III).  This 
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demonstrates that the speciation mapping is accurately detecting the total “As sulfide” 
species bin, but is not able to distinguish well between its components. 
2.3.3.2 Ottertail County Core #3 (OTT3)   
Results of As speciation maps and As and Fe XANES for core OTT3 are shown in Figure 
4.  The total As concentration in these samples is highest in the aquitard (OTT3_55), and 
decreases across the aquitard-aquifer contact (OTT3-74).  The lowest As concentration is 
in the aquifer sediment (OTT3_73) (Table 5).  The binned LCF results (specific reference 
spectra are assigned to a more general bin, e.g. goethite, α-FeOOH, is assigned to Fe(III) 
oxyhydroxide bin) for As and Fe are displayed in Tables 6 and 7, with full fit information 
available in Table EA3.  OTT3 As speciation maps and multi-element xrf maps showing 
the location of XANES points are shown in EA Figures 3 and 4. 
The speciation mapping allows us to calculate the relative proportions of As-sulfide 
(combined As(-I) sulfide and As(III) sulfide), As(III), and As(V) in the solid phase.  
From these data, we find that the As speciation in the aquifer (OTT3_73) is 
indistinguishable from the aquitard-aquifer contact (OTT3_74), and both are dominated 
by As(V).  In contrast, the aquitard sample (OTT3_55) has more As sulfides.  Overall, 
the aquitard has more total As and more As sulfide content.  At the aquitard-aquifer 
contact, total As and As sulfide contents decrease and remain low in the aquifer. 
The correlation-distance dendrogram for the As XANES spectra from OTT3 is shown in 
Figure 5a.  The As spectra divide into four branches, with each branch containing one of 
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the four seeded reference spectra: arsenate As(V), arsenite As(III), orpiment As(III)-
sulfide, and arsenopyrite As(-I)-sulfide.   The spectra on these branches tend to resemble 
each other more closely than they do the reference spectra.  Each branch contains spectra 
from most or all of the sampled strata.  These results mirror the LCF output and indicate 
that most particles in the sample contain more than one of the As species types.   
The correlation-distance dendrogram for the OTT3 Fe XANES spectra (Fig.5b) breaks 
into three main branches, as defined by seeded reference spectra.  Unlike the As XANES 
spectra, the Fe spectra are largely segregated by stratum.  The Fe(III) and mixed Fe(II,III) 
branches are composed primarily of spectra from the aquifer sample, and are defined by 
reference spectra that include Fe(III) (oxyhydr)oxides and secondary phyllosilicates, and 
Fe(II,III) oxides.  The sulfide branch contains most of the aquitard-aquifer contact spectra 
and all of the aquitard spectra.  These results corroborate the As speciation data by further 
demonstrating the chemically reducing conditions of the aquitard and oxidizing 
conditions in the aquitard-aquifer contact and aquifer. 
Cosine-distance hierarchical clustering of the LCF output for As and Fe show three main 
populations of particles (Fig.6a).  The “reduced” population is primarily composed of 
As(-I) sulfide and Fe sulfide materials from the aquitard and aquitard-aquifer contact.  
The “oxidized population” is composed of As(V) and Fe(III) oxyhydroxide and 
secondary phyllosilicate materials from the aquifer and aquitard-aquifer contact.  The 
third group, designated “mixed redox population” is primarily composed of reduced As 
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(As(-I) and As(III) sulfide) and oxidized Fe.  Particles with these mixed redox 
characteristics are primarily found in the aquifer sample. 
 2.3.3.3 Traverse Grant Core #3 (TG3) 
Results of A speciation mapping and As and Fe XANES spectra for four strata from core 
TG3 are presented in Figure 7.   From shallow to deep, the sampled strata are:  an 
aquitard (TG3_45), an aquitard-aquifer contact (TG3_54), a silt layer (TG3-56), and an 
aquifer (TG3_59). The total As concentration is highest in the aquitard and aquitard-
aquifer contact samples and lower in the silt and aquifer samples (Table 8). The binned 
LCF results for As and Fe XANES are displayed in Tables 9 and 10, with full fit 
information available in Table EA4.   
The As speciation of the aquitard is dominated by As-sulfides (Fig.7b).  The As(-I)-
sulfide component decreases in the aquitard-aquifer contact and is replaced by As(V).  
The silt and aquifer strata have nearly identical As species composition and are 
dominated by As(V).  In the TG3 core, the aquitard has higher As concentration and 
more reducing conditions than the aquifer.  TG3 As speciation maps and multi-element 
xrf maps showing the location of XANES points are shown in EA Figures 5 and 6. 
The correlation-distance dendrogram for As XANES spectra from TG3 show that, like 
spectra from OTT3, the sample spectra tend to be more similar to each other than to any 
of the reference materials (Fig.5c).  The As XANES spectra divide into two branches.  
The arsenate As(V) branch, named for its seeded reference, has representatives from the 
  43 
aquitard-aquifer contact, silt layer, and aquifer.  All the remaining As XANES spectra, 
including all aquitard spectra, cluster within the As-sulfide branch with seeded reference 
spectra of arsenopyrite and orpiment.  Spectra on the As sulfide branch come from all 
four strata.  Arsenite As(III) is included in the dendrogram for consistency, but none of 
the TG3 As XANES spectra cluster closely with it. 
The correlation-distance dendrogram for the co-located Fe XANES spectra of TG3 
(Fig.5d) has four main branches.  The Fe XANES spectra tend to segregate by stratum, 
but less so than OTT3.  Overall, the aquitard and aquitard-aquifer contact are dominated 
by Fe sulfide content, as represented by mackinawite and pyrite seeded references.  In 
contrast, the silt and aquifer strata are primarily Fe(II,III) and Fe(III), as represented by 
greenrust, magnetite, chromite, aegirine, Fe(III)-dextran, and goethite (see EA Table 2 for 
reference materials).  These findings corroborate the As speciation: reducing conditions 
in the aquitard and aquitard-aquifer contact strata, and oxic conditions in the silt and 
aquifer strata. 
Cosine-distance hierarchical clustering of the LCF output for As and Fe reveal three 
populations of particles (Fig.6b).  The “oxidized” population is primarily composed of 
oxidized As and Fe, and has representatives from the silt and aquifer sediments.  The 
“reduced” population is primarily composed of As and Fe sulfides, and has 
representatives from the aquitard and aquitard-aquifer contact.  The “mixed redox 
population” (in which As sulfide is found with Fe(III)) forms two clusters, one with As(-
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I)-sulfide and the other with As(III)-sulfide.  This mixed redox population has 
representatives from the aquitard, silt, and aquifer. 
2.3.3.4 Upper Minnesota River Basin Core #2 (UMRB2) 
Results of As speciation mapping and and As and Fe XANES from core UMRB2 are 
presented in Figure 8.  Strata sampled (from shallow to deep) are: an aquitard 
(UMRB2_159), an aquitard-aquifer contact or “above-aquifer contact” (UMRB2_164), 
an aquifer (UMRB2_165a2), and an aquitard-aquifer contact or “below-aquifer 
contact”(UMRB2_167).  The total As concentration is highest in the below-aquifer 
contact, lesser in the aquitard and above-aquifer contact, and lowest in the aquifer (Table 
11).  UMRB2 As speciation maps and multi-element xrf maps showing the location of 
XANES points are shown in EA Figures 7 and 8. 
The binned LCF results for As and Fe XANES are displayed in Tables 12 and 13, with 
full fit information available in Table EA5. 
Speciation mapping (Fig.8b) of the aquitard (UMRB2_159) shows approximately equal 
fractions of all four As species.  This is different from OTT3 and TG3, which both have 
chemically reduced aquitards.  Both of the UMRB2 aquitard-aquifer contact samples 
(UMRB2_164 and UMRB2_167) have large fractions of As(-I)-sulfide, even more than 
the aquitard. 
The correlation-distance hierarchical clustering dendrogram (Fig.5e) for As spectra has 
four main clusters.  Like the As XANES spectra from OTT3 and TG3, the UMRB2 As 
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sample spectra resemble each other more than the reference spectra. The main feature of 
interest is the clustering of both contact strata (above and below the aquifer) with 
orpiment (As(III)-sulfide).  The aquitard and aquifer strata contribute spectra to the 
arsenite As(III), arsenate As(V), and arsenopyrite branches.  These data indicate more 
physical and chemical heterogeneity in the UMRB2 formation than in OTT3 or TG3.   
The correlation-distance dendrogram (Fig.5f) for Fe spectra from UMRB2 shows that 
strata are more evenly distributed among the three branches than in the OTT3 and TG3 
cores (i.e. grouping of Fe species by stratum is not present in UMRB2).  The three 
branches are formed by Fe(II), mixed valence Fe(II,III), and Fe sulfide groups.  Iron 
sulfides are distributed among all strata: aquitard, both aquitard-aquifer contacts, and the 
aquifer.  The below-aquifer contact (UMRB2_167) is remarkably chemically reduced 
with Fe(II) and Fe sulfide branch affiliations.  In the OTT3 and TG3 formations, the 
aquitard is chemically reduced, the contact is intermediate, and the aquifer is oxidized: 
UMRB2 does not follow this pattern. 
Cosine-distance hierarchical clustering LCF output for co-located As and Fe XANES 
spectra (UMRB2; Fig.6c) show three main populations of particles.  The “reduced” 
population is dominated by As(-I)sulfide, As(III) sulfide and Fe sulfide; all four of the 
sample strata are represented in this group.  The “oxidized” population is dominated by 
As(V), As(III), and Fe(III) oxyhydroxides and secondary phyllosilicates; the aquifer and 
below-aquifer contact are represented in this group.  The “mixed redox population” with 
As sulfide and Fe(III) is represented by the aquitard and both aquitard-aquifer contacts.   
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2.4. DISCUSSION 
2.4.1  Solid-Phase Source of As to Groundwater 
Earlier work on As in glacial aquifers (Erickson and Barnes 2005 a,b)  led to an 
hypothesis that (bio)geochemical processes active at the interface between the aquitard 
and aquifer sediments were the probable cause of As release to groundwater.  We then 
proposed that measurable changes in As and Fe chemistry should be observed in 
sediments at the stratigraphic contact between aquitard and aquifers.  Our hypothesis was 
that a strong gradient in hydrologic conductivity and redox conditions present at the 
aquifer-aquitard contact would cause oxidative (e.g. As-bearing pyrite) or reductive (e.g. 
As-sorbed ferrihydrite) dissolution of minerals and release of As to groundwater.   To test 
this hypothesis we compared As and Fe speciation in aquitard, aquitard-aquifer contact, 
and aquifer sediments from three rotosonic cores.  Our main analytical approach was to 
develop methods to quantify As concentration and speciation in these sediments.  The As 
speciation was then interpreted in the context of co-located Fe speciation and existing 
water chemistry databases for nearby wells to identify the process(es) liberating As to 
waters.   
2.4.2  Geochemical Processes Liberating As to Waters  
The minerals observed in the glacial sediments from this study are out of equilibrium 
with nearby well water.  The water chemistry of wells near the locations of the three 
cores is plotted on an Eh-pH diagram (Fig.9).   Currently available well-water chemistry 
indicates that the waters are suboxic and that the sulfide minerals identified by the point-
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XANES analysis of the solid samples (As(III)-sulfide and As(-I) sulfide) are not in 
equilibrium with the waters of nearby wells.   
The lack of chemical equilibrium between glacial sediment and well waters should be 
considered in light of the geologic processes that form glacial aquifers, as well as 
potential chemical artifacts in well-water samples.  Glacial sediments are composed of 
transported materials entrained over hundreds (perhaps thousands) of kilometers: 
materials that formed under different geochemical conditions than those currently present 
in the till.   These physically mixed materials are likely to have mineral components out 
of equilibrium within any particular stratigraphic layer.  In addition to the large-scale 
mixing processes active in glaciers, disequilibrium may be caused by the integration of 
many microenvironments within and in proximity to wells.  It is possible that well water 
samples have different redox, pH, element concentration, and chemical speciation than 
those that exist in pore waters.  In particular, well-water samples could have different 
redox potential  and pH values than in situ groundwaters (Gotkowitz et al. 2004).  
Despite this limitation, the water chemistry of wells surrounding these cores is an 
important tool in interpreting mineral populations in the aquifers and aquitard sediments.  
The Eh-pH diagram indicates that small changes in redox potential could change the 
stability of both iron and sulfide minerals in place with important implications for As 
chemistry.  In particular, differences between the water chemistries of nearby wells with 
and without elevated As concentrations suggest possible mechanisms at work in As 
liberation near the three cores.   
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Arsenopyrite was detected in our samples.  It is often observed out of equilibrium with its 
environment, and this disequilibrium persistence has been attributed to rinds of oxides 
forming on the outside of arsenopyrite grains in sediments and in lab-based oxidation 
experiments (Richardson and Vaughan 1989).  Oxide rinds have been suggested as the 
cause of slowing dissolution of arsenopyrite (Craw et al. 2003).  However, long-term 
experiments on mine wastes have shown that poorly crystalline Fe(III)(oxyhydr)oxide 
rinds are very effective at passivating the surface of arsenopyrite in air, but in aqueous 
solutions the rinds permit extensive leaching of As from the mineral grain into solution 
(Nesbitt and Muir 1998).    
Oxidative dissolution of As sulfides has been identified as a source of As to groundwater 
in mine wastes (Yu et al. 2007; Nesbitt et al. 1995) and in bedrock aquifers that contain 
sulfide minerals (West et al. 2012; Schreiber et al. 2000).  Redox potential and pH 
conditions are favorable for oxidation of sulfides in the wells near all three cores, and As 
sulfides were found in the aquifer and/or aquitard-aquifer contact sediments in each of 
the cores.  Arsenic XANES data show that As in As-bearing sulfides makes up more than 
30% of the As in the aquifer and aquitard-aquifer contact sediments from cores OTT3 
and TG3, and approximately 50% of the As in core UMRB2.   
2.4.3  Summary of Geochemical Conditions and Solid-phase Speciation   
We have identified three mechanisms at work in liberating As to drinking-water wells 
near the three cores (Table 14).  Desorption appears to be an important mechanism 
releasing As to waters near core OTT3 because the increased As concentration is not 
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accompanied by increases in sulfate or Fe.    Well water Fe and S concentrations in the 
vicinity of core OTT3 are sub-equal (within 10%) in both elevated As and low-As wells.    
Wells near cores TG3 and UMBR2 have dissolved Fe concentrations approximately 2.7 
and 2.8 times higher in the wells with elevated As than in the low As wells.  Near core 
TG3, sulfate concentrations are sub-equal (within 10%) between the wells with elevated 
As and the low As wells.   Wells near core TG3 with elevated As have lower redox 
potential and slightly lower pH (134eV, pH 7.2) than nearby low As wells (175eV, pH 
7.3).  This is consistent with reductive dissolution as a mechanism liberating As to well-
waters near core TG3.  In contrast to the wells near TG3, the elevated As wells near core 
UMRB2 have 1.6 times as much sulfate (801 mgL-1  SO4-2) as the low As wells (480 
mgL-1  SO4-2 ).  
While bulk well water chemistry conditions are favorable for sulfide dissolution at all the 
wells, high As wells near core UMRB2 have much higher Eh, Fe, and sulfate than the 
neighboring low As wells.  Oxidative dissolution of As-bearing sulfides seems to be an 
important factor liberating As to well water near core UMRB2.  The presence of particles 
in redox disequilibrium (As sulfide co-located with Fe oxides) in all three cores suggests 
that incongruent oxidative weathering is one of the processes at work liberating As to 
waters.   
2.5 CONCLUSIONS 
Our original hypothesis was that differences in As speciation between the aquifer, the 
aquitard and the aquifer-aquitard contact would indicate which processes are liberating 
As to waters in glacial aquifers.  This hypothesis is predicated on the assumption that the 
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aquitard is the (relatively) unaltered parent material and the aquitard in contact in the 
aquifer has undergone weathering.  We have evidence to validate this assumption in two 
of the cores examined, OTT3 and TG3, but not in the third core, UMRB2.   
 
Correlation-distance hierarchical clustering of the As XANES spectra in cores OTT3 and 
TG3 shows samples grouping across the different sampled strata.  These results point to a 
common parent material with different degrees of weathering.  In core OTT3, we observe 
a small reduction in overall As concentration between the two tills but a large speciation 
transformation in which much of the original As sulfide has oxidized to As(V). Modern 
water chemistry of wells near core OTT3 are consistent with desorption as the primary 
process currently liberating As to waters.  In core TG3 we observe a small (<10%) 
increase in overall As concentration between the two tills, and a large speciation 
transformation in which much of the original As sulfide has oxidized to As(V).  Water 
chemistry of wells near core TG3 suggest reductive dissolution and desorption as the 
primary processes currently liberating As to waters.  The oxidation seen in the aquitard 
sediments in contact with the aquifer relative to the out-of contact aquitard sediments 
may have occurred during deposition when the sediments were first deposited by the 
glacier and could also have occurred in situ over the last 14,000 years, from exposure to 
oxic groundwater.   It is likely that some oxidation of all sediment types occurred in 
storage after the cores were collected. 
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Solids from the UMRB2 core, and water chemistry of nearby wells, are very different 
from those of cores OTT3 and TG3.  Unlike solids from cores OTT3 and TG3, 
correlation distance hierarchical clustering of both As and Fe point XANES spectra from 
core UMRB2 groups the spectra according to stratum, which suggests dissimilar parent 
materials.   Solid-phase As concentrations in samples from core UMRB2 are significantly 
higher in the below-aquifer contact till than in the mid-aquifer till or the above-aquifer 
contact till.  The simplest explanation for these results is that the mid-aquifer till is not 
the parent material of the contact till.  If that is the case, the sampled strata from UMRB2 
cannot be used to test the hypothesis that differences in As speciation between the mid-
aquitard till and the contact till indicate redox processes liberating As to waters.  Overall, 
the UMRB2 contact till have much higher concentrations of As sulfide than the mid-
aquitard till, and As sulfide is a large fraction of the aquifer As.  Water chemistry of wells 
near UMRB2 is consistent with oxidative dissolution processes liberating As to waters.    
In this contribution, we have developed an analytical method to address the geochemical 
complexity underlying the release of As from sediments to groundwater.   Drinking-water 
wells with elevated As concentrations are a hazard to public health.    For wells in Des 
Moines lobe provenance glacial aquifers the problem is complicated by the strong 
geographic heterogeneity of elevated-As wells, the relatively low As concentration in 
aquifer sediments, and the lack of a correlation between solid-phase and aqueous-phase 
As concentrations.  Through the application of this method to archived rotasonic cores, 
we have identified three major As release mechanisms: desorption (OTT3), reductive 
dissolution (TG3), and oxidative dissolution (UMRB2).  The diversity of As release 
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mechanisms is consistent with the geographic heterogeneity observed in the distribution 
of elevated-As wells.  Our results confirm that in two of the three locations studied, the 
glacial till forming the aquitard is the source of As to the aquifer sediments.  Further, we 
have confirmed that the interface between the aquitard and aquifer is a geochemically 
active zone for As release to water.  
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Table 2.1. Water chemistry of wells within 10km of sampled cores (MDH 2001 and 
MPCA 1999).  Wells with any type of water treatment in place are not included.  Wells 
are grouped by core and separated into two sub-groups: The “As exceeds MCL” 
subgroups have As concentrations in excess of the USEPA Maximum contaminant level 
of 10µgL-1 , the “As below MCL” subgroups have As concentrations below 10µgL-1.   
Average 
parameter 
results  
OTT3 TG3 UMRB2 
As exceeds 
MCL 
As below 
MCL 
As exceeds 
MCL 
As below 
MCL 
As exceeds 
MCL 
As below 
MCL 
n = 8 n = 6 n = 5 n = 5 n = 4 n = 3 
As µgL-1 25.3 3.6 34.0 3.1 45.3 0.5 
Eh mV 141 114 134 175 224 133.9 
pH 7.2 7.7 7.2 7.3 7.3 7.5 
Fe µgL-1 1792 1950 3867 1416 3845 1351 
Sulfate  mgL-1 312 289 1062 1153 801 480 
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Table 2.2  Ottertail County Core-3 (OTT3) whole-rock As, Fe and S concentrations.   
Sample 
Name 
Sample Description Depth (m) 
aAs 
mg/kg 
bFe 
% 
bS 
% Fe/S 
OTT3-55 Upper Goose Formation  till (aquitard) 16.8 8.7 1.8 0.94 2 
OTT3-56 Upper Goose Formation  till (aquitard) 17.1 7.3 2.28 0.66 3 
OTT3-65 
Upper Goose Formation  contact till 
(aquitard) 19.8 7.2 2.45 0.4 6 
OTT3-66  outwash sand and gravel (aquifer) 20.1 4.7 1.81 0.36 5 
OTT3-73 outwash sand and gravel (aquifer) 22.3 3.9 1.83 0.43 4 
OTT3-74 
Upper Goose Formation contact till 
(aquitard) 22.6 7.8 2.79 0.44 6 
OTT3-75 outwash sand and gravel (aquifer) 22.9 3.1 1.31 0.21 6 
OTT3-120 James River till (aquitard) 36.6 5.7 1.91 0.46 4 
OTT3-133 James River till (aquitard) 40.5 5.6 1.87 0.39 5 
OTT3-134 outwash sand and gravel (aquifer) 40.8 3.1 1.05 0.18 6 
OTT3-146 outwash sand and gravel (aquifer) 44.5 2.6 0.89 0.15 6 
OTT3-147 James River till (aquitard) 44.8 5.8 1.85 0.44 4 
OTT3-161 James River till (aquitard) 49.1 11.6 2.03 0.59 3 
OTT3-165 Ottertail Formation (aquitard) 50.3 6.5 2.34 0.54 4 
OTT3-184 James River till (aquitard) 56.1 7.9 1.98 0.59 3 
a - Arsenic measured via continuous-flow hydride-generation atomic absorption spectrometry after total 
acid extraction.    
b - Iron and S measured via a combined inductively coupled plasma atomic emission spectrometry or mass 
spectrometry method after a 4-acid near total extraction (Taggart 2002).    
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Table 2.3.  Traverse Grant County Core-3 (TG3) whole-rock As, Fe and S 
concentrations.    
 
Sample 
Name 
Sample Description Depth (m) 
aAs 
mg/kg 
bFe 
% 
bS % Fe/S 
TG3-28 Heiberg Formation till (aquitard) 8.5 8 2.42 0.12 20 
TG3-41 Heiberg Formation till (aquitard) 1.0 8.1 2.26 0.61 4 
TG3_45 Heiberg Formation till (aquitard) 1.0 8.3 2.3 0.65 4 
TG3-54 Heiberg formation contact till (aquitard) 16.5 8.7 2.57 0.75 3 
TG3-56 silt in Heiberg Formation 17.1 5.6 1.44 0.09 16 
TG3-59 sand lens (aquifer) 18.0 3.6 1.65 0.06 28 
TG3-60 Villard Formation contact till (aquitard) 18.3 3.9 1.49 0.05 30 
TG3-83 Villard Formation till (aquitard) 25.3 6.8 1.57 0.43 4 
TG3 95 Villard Formation till (aquitard) 29.0 4.8 1.78 0.48 4 
TG3-103 sand lens (aquifer) 31.4 4.6 1.43 0.39 4 
TG3-138 Gervaise formation till (aquitard) 42.1 7.3 2.06 0.5 4 
TG3-149 Gervaise formation till (aquitard) 45.4 8.4 2.87 0.53 5 
a - Arsenic measured via continuous-flow hydride-generation atomic absorption spectrometry after total 
acid extraction.    
b - Iron and S measured via a combined inductively coupled plasma atomic emission spectrometry or mass 
spectrometry method after a 4-acid near total extraction (Taggart 2002).    
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Table 2.4.  Upper Minnesota River Basin Core-2 (UMRB2) whole-rock As, Fe and S 
concentrations.   
Sample Name 
Sample Description Depth (m) 
aAs 
mg/kg 
bFe % bS % Fe/S 
UMRB2-132 unnamed till (aquitard) 40.2 6.6 1.81 0.53 3 
UMRB2-134 unnamed till (aquitard) 40.8 7.1 1.77 0.56 3 
UMRB2-135 unnamed till (aquitard) 41.1 7.4 1.91 0.65 3 
UMRB2-136 sand (aquifer) 41.5 5.6 1.64 0.5 3 
UMRB2-137 unnamed till (aquitard) 41.8 7.2 1.7 0.46 4 
UMRB2-147 unnamed till (aquitard) 44.8 7.7 1.74 0.55 3 
UMRB2-152 sand (aquifer) 46.3 9.7 1.71 0.55 3 
UMRB2-153 unnamed till (aquitard) 46.6 6.4 1.76 0.59 3 
UMRB2-157 unnamed till (aquitard) 47.9 7.2 1.74 0.48 4 
UMRB2-159 unnamed till (aquitard) 48.5 6.9 1.74 0.51 3 
UMRB2-161 unnamed till (aquitard) 49.1 6.5 1.71 0.5 3 
UMRB2-164 unnamed till (aquitard) 50.0 7.2 1.7 0.53 3 
UMRB2-165  sand (aquifer) 50.3 5.1 1.58 0.33 5 
UMRB2-167 unnamed till (aquitard) 50.9 12.3 3.61 1.81 2 
UMRB2-175 sand and gravel  (aquifer) 53.3 6.6 1.7 0.55 3 
UMRB2-176 unnamed till (aquitard) 53.6 7.8 1.88 0.52 4 
UMRB2-183 unnamed till (aquitard) 55.8 7.1 1.91 0.57 3 
UMRB2-184  sand and gravel  (aquifer) 56.1 6.5 1.78 0.59 3 
UMRB2-185 sand and gravel  (aquifer) 56.4 4.9 1.33 0.36 4 
a - Arsenic measured via continuous-flow hydride-generation atomic absorption spectrometry after total 
acid extraction.    
b - Iron and S measured via a combined inductively coupled plasma atomic emission spectrometry or mass 
spectrometry method after a 4-acid near total extraction (Taggart 2002).    
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Table 2.5.  Distribution of As species in core OTT3.    
 OTT3-55 
(aquitard) 
OTT3-73 
(aquifer) 
OTT3-74 
(aquitard-aquifer contact) 
atotal As mg/kg 8.7 3.9 7.8 
As(V) mg/kg 2 2 3 
As(III)  mg/kg 2 1 2 
As sulfide  mg/kg 5 2 3 
a – Arsenic concentration as measured via continuous-flow hydride-generation atomic absorption 
spectrometry after total acid extraction (Table 2).    
b – Arsenic species abundance calculated by multiplying relative abundance (Fig.6b) by total As. 
 
Table 2.6.   Arsenic XANES linear combination fit results, reported as mol %, for OTT3.  
Sample spectra best fits and scores shown here are summed into broad species groups.  
EA Table 1 lists all As reference spectra, including broader species groupings. 
Comprehensive individual fits at each point measured in OTT3 are listed in EA Table 3.   
Spot Name As(-1)sulfide As(III) sulfide As III As V 
OTT3_55_spot0.e 51 40 0 9 
OTT3_55_spot1.e 70   30 
OTT3_55_spot2.e  7  93 
OTT3_55_spot3.e 90   10 
OTT3_55_spot4.e 33 15  50 
OTT3_55_AsQXANES_spot_0_a2.e 79 0 0 21 
OTT3_55_AsQXANES_spot_1_a2.e 79 0 0 21 
OTT3_55_AsQXANES_spot_3_a2.e 93 0  7 
OTT3_55_AsQXANES_spot_4_a2.e   87 12 
Ott3_73_AsQXANES_spot_0.e   13 86 
Ott3_73_AsXANES_spot_1.e 42 58   
Ott3_73_AsXANES_spot_2.e 84  16  
Ott3_73_AsXANES_spot_3.e 21 64 14  
Ott3_73_AsXANES_spot_4.e   17 82 
Ott3_73_AsXANES_spot_5.e 18   79 
Ott3_73_AsXANES_spot_6.e 48  41 10 
Ott3_73_AsXANES_spot_7.e 36  50 13 
Ott3_74_AsXANES_spot_0.e   15 85 
Ott3_74_AsXANES_spot_2.e 31 54  15 
Ott3_74_AsXANES_spot_1.e 59 26  15 
OTT3_74_AsQXANES_spot_0a2.e 87   13 
OTT3_74_AsQXANES_spot_1_a2.e 41 43  16 
OTT3_74_AsQXANES_spot_2_a2.e 90   10 
OTT3_74_AsQXANES_spot_3_a2.e 96   4 
OTT3_74_AsQXANES_spot_4_a2.e 71 29   
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Table 2.7.  Iron XANES linear combination fit results, reported as mol %, for OTT3.  
Sample spectra best fits and scores shown here are summed into broad species groups.  
EA Table 2 lists all Fe reference spectra including broader species groupings.  
Comprehensive individual fits at each point measured from Core OTT3 are listed in EA 
Table 3.   
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OTT3_55_FeQXANES_spot_0_a2.
e 
93 7     
OTT3_55_FeQXANES_spot_1_a2.
e 
14  55 31   
OTT3_55_FeQXANES_spot_3_a2.
e 
50  19   31 
OTT3_55_FeQXANES_spot_4_a2.
e 
66    34  
Ott3_73_FeXANES_spot0.e   44 28  28 
Ott3_73_FeXANES_spot1.e   69   30 
Ott3_73_FeXANES_spot2.e   37 36  27 
Ott3_73_FeQXANES_spot3.e   47 34  19 
Ott3_73_multi_FeQXANES_spot4
.e 
  75  25  
Ott3_73_FeQXANES_spot5.e   60   40 
Ott3_73_FeXANES_spot6.e   64   36 
OTT3_74_FeQXANES_spot_0_a2.
e 
100      
OTT3_74_FeQXANES_spot1_a2.e 84 16     
OTT3_74_FeQXANES_spot2_a2.e 55    45  
OTT3_74_FeQXANES_spot3_a2.e 88    12  
OTT3_74_FeQXANES_spot_4_a2.
e 
  62 38   
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Table 2.8. Distribution of As species in core TG3.    
 
 TG3_45 
(aquitard) 
TG3_54 
(aquitard-aquifer contact) 
TG3_56 
(silt horizon) 
TG3_59 
(aquifer) 
total As mg/kg 8.3 8.7 5.6 3.6 
As(V) mg/kg 1 3 3 2 
As(III)  mg/kg 2 3 1 1 
As(-1)sulfide  mg/kg 4 2 1 1 
As(III)sulfide mg/kg 0 1 1 0 
a – Arsenic concentration as measured via continuous-flow hydride-generation atomic absorption 
spectrometry after total acid extraction (Table 3).    
b – Arsenic species abundance calculated by multiplying relative abundance (Fig.9b) by total As. 
 
 
 
Table 2.9.  Arsenic XANES linear combination fit results, reported as mol %, for TG3.  
Sample spectra best fits and scores shown here are summed into broad species groups.  
EA Table 1 lists all As reference spectra, including broader species groupings. 
Comprehensive individual fits at each point measured from TG3 are listed in EA Table 4.   
 
  Spot	Name	 As(-1)sulfide	 As(III)sulfide	 As	III	 As	V	
TG3_45_As_XANES_spot_1.e	 80	 	 19	 	
TG3_45_As_XANES_spot_2.e	 60	 27	 	 13	
TG3_45_As_XANES_spot_3.e	 99	 	 	 	
TG3_45_As_XANES_spot_4.e	 	 64	 	 35	
TG3_45_As_XANES_spot_6.e	 34	 26	 39	 	
TG3_45_As_XANES_spot_7.e	 	 73	 27	 	
TG3_45_As_XANES_Spot_8.e	 80	 	 20	 	
TG3_45_As_XANES_spot_10.e	 34	 43	 	 22	
TG3_54_As_XANES_spot_0.e	 64	 21	 	 15	
TG3_54_As_XANES_spot_1.e	 11	 17	 	 72	
TG3_54_As_XANES_spot_2.e	 33	 46	 	 20	
TG3_56_AsQXANES_spot_0.e	 50	 14	 35	 	
TG3_56_AsQXANES_spot_1.e	 56	 	 29	 14	
TG3_56_AsQXANES_spot_2.e	 	 	 26	 73	
TG3_56_AsQXANES_spot_3.e	 33	 41	 	 26	
TG3_59_AsQXANES_spot_0.e	 5	 	 29	 66	
TG3_59_AsQXANES_spot_1.e	 88	 	 11	 	
TG3_59_AsQXANES_spot_2.e	 53	 24	 	 23	
TG3_59_AsQXANES_spot_3.e	 72	 	 19	 7	
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Table 2.10 Iron XANES linear combination fit results, reported as mol%, for TG3.  
Sample spectra best fits and scores shown here are summed into broad species groups.  
EA Table 2 lists all Fe reference spectra including broader species groupings.  
Comprehensive individual fits at each point measured from Core OTT3 are listed in EA 
Table 4.   
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TG3_45_FeQXAS_spot_1.e 35 65    
TG3_45_FeQXAS_spot_4.e 88 12    
TG3_45_FeQXAS_spot_6.e 100     
TG3_54_FeQXANES_spot_0.e 75 15  10  
TG3_54_FEQXANES_spot_1.e 71   29  
TG3_54_FeQXANES_spot_2.e 71   29  
TG3_56_FeQXANES_spot_0.e 21  45  34 
TG3_56_FeQXANES_spot_1.e  26  43 30 
TG3_56_FeQXANES_spot_2.e 10  71  19 
TG3_56_FeQXANES_spot_3.e 44  56   
TG3_59_FeQXANES_spot_0.e 31 14 54   
TG3_59_FeQXANES_spot_1.e   55 45  
TG3_59_FeQXANES_spot_2.e 28 20 52   
TG3_59_FeQXANES_spot_3.e 36 19 45   
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Table 2.11.  Distribution of As species in core UMRB2. 
 
 UMRB2-159 
(aquitard) 
UMRB2-164 
(aquitard-
aquifer 
contact) 
UMRB2-165 
(aquifer) 
UMRB2-167 
(aquitard-
aquifer contact) 
total As mg/kg 6.9 7.2 5.1 12.3 
As(V) mg/kg 2 2 2 4 
As(III) mg/kg 2 1 1 2 
As(-1)sulfide mg/kg 1 4 2 4 
As(III)sulfide mg/kg 2 1 1 1 
a – Arsenic concentration as measured via continuous-flow hydride-generation atomic absorption 
spectrometry after total acid extraction (Table 4).    
b – Arsenic species abundance calculated by multiplying relative abundance (Fig.10b) by total As. 
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Table 2.12    Arsenic XANES linear combination fits results, reported as mol%, for 
UMRB2.  Sample spectra best fits and scores shown here are summed into broad species 
groups.  EA Table 1 lists all As reference spectra, including broader species groupings.  
Comprehensive individual fits at each point measured from TG3 are listed in EA Table 5. 
Spot Name As(-1) 
sulfide 
As(III) 
sulfide 
As III As V 
UMRB2_159_AsXANES_spot_0.e 93   7 
UMRB2_159_AsXANES_spot_1.e 39 51  10 
UMRB2_159_AsXANES_spot_2.e   28 71 
UMRB2_159_AsXANES_spot_3.e 61 27 12  
UMRB2_159_AsXANES_spot_4.e 91   9 
UMRB2_159_AsQXANES_spot_0_a2.e 42 37 21  
UMRB2_159_AsQXANES_spot_1_a2.e 92   7 
UMRB2_159_AsQXANES_spot_2_a2.e 84   16 
UMRB2_159_AsQXANES_spot_3_a2.e 41  21 36 
UMRB2_159_AsQXANES_spot_4_a2.e 56 30  14 
UMRB2_164_As_QXANES_spot_0.e 26 59  15 
UMRB2_164_As_QXANES_spot_1.e 92  8  
UMRB2_164_As_QXANES_spot_2.e 88 12   
UMRB2_164_As_QXANES_spot_3.e 37 48  15 
UMRB2_164_As_QXANES_spot_4.e 43 42  15 
UMRB2_165_As_QXANES_spot_1.e 52 8  40 
UMRB2_165_As_QXANES_Spot_3.e   42 57 
UMRB2_165_As_QXANES_spot_4.e 86   13 
UMRB2_165_AsQXANES_spot_0_a2.e 47 21  32 
UMRB2_165_AsQXANES_spot_1_a2.e 81   19 
UMRB2_165_AsQXANES_spot_2_a2.e  73 16 11 
UMRB2_167_As_QXANES_spot_0.e  52 35 13 
UMRB2_167_As_QXANES_spot_1.e 42 43  15 
UMRB2_167_As_QXANES_spot_2.e 45 44  12 
UMRB2_167_As_QXANES_spot_3.e 26 57 16  
UMRB2_167_As_QXANES_spot_4.e   22 78 
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Table 2.13.  Iron XANES linear combination fit results, reported as mol %, for UMRB2.  
Sample spectra best fits and scores shown here are summed into broad species groups.  
EA Table 2 lists all Fe reference spectra including broader species groupings.  
Comprehensive individual fits at each point measured from Core OTT3 are listed in EA 
Table 5.   
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UMRB2_159_FeQXANES_spot_0_a2.e 100     
UMRB2_159_FeQXANES_spot_1_a2.e   70  30 
UMRB2_159_FEQXANES_spot_2_a2.e 100     
UMRB2_159_FeQXANES_spot_3_a2.e 6  44  50 
UMRB2_159_FeQXANES_spot_4_a2.e 100     
UMRB2_164_Fe_XANES_spot_0.e 45    55 
UMRB2_164_Fe_XANES_spot_1.e 11   48 41 
UMRB2_164_Fe_XANES_spot_2.e 69 31    
UMRB2_164_Fe_XANES_spot_3.e 100     
UMRB2_164_Fe_XANES_spot_4.e 86  14   
UMRB2_165_FeXANES_spot_1.e 92    8 
UMRB2_165_FeXANES_spot_3.e  11 70  19 
UMRB2_165_FeXANES_spot_4.e 100     
UMRB2_167_Fe_XANES_Spot_1.e  46  37 18 
UMRB2_167_Fe_XANES_Spot_2.e 83   16  
UMRB2_167_Fe_XANES_Spot_3.e   50 36 13 
UMRB2_167_Fe_XANES_Spot_4.e  64  9 27 
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Table 2.14.  Comparison of low and high As wells within 10km of each studied core 
(MDH 2001 and MPCA 1999).  The U.S. Environmental Protection Agency maximum 
contaminant level (MCL) for As is 10 µg As L-1.   
 
 
	 Gradient	of	average	chemical	conditions	in	wells	
(wells	below	MCL	→	above	MCL)	
	 OTT3	 TG3 UMRB2	
As	(µgL-1)	 3.6	→	25.3	 3.1 → 34.0 0.5	→	45.3	
Redox	gradient	(mV)	
	
Slightly	positive	
114	→	141	
Negative 
175 → 134 
Very	positive	
134	→	224	
pH	gradient	
	
Very	negative	
7.7	→	7.2	
Slightly negative 
7.3 → 7.2 
Slightly	negative	
7.5	→	7.3	
Fe	gradient	
(µgL-1)	
	
Slightly	negative	
(<10%)	1950→1792	
Very positive 
2.7 times higher 
1416 → 3867 
Very	positive	
2.8	times	higher	
1351	→	3845	
Sulfate	gradient	
(mgL-1)	
	
Slightly	positive	
(<10%)	
289	→	312	
Slightly negative 
(<10%) 
1153 → 1062 
Very	positive	
1.7	times	higher	
480	→	801	
As Release Mechanism Desorption Reductive dissolution 
and desorption 
Oxidative 
dissolution 
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Figure 2.1  Map of Des Moines lobe glacial advance, west-central Minnesota, USA, 
showing As-affected wells, and 10km buffer around cores. 
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Figure 2.2  Block drawing of glacier, periglacial lake, periglacial braided stream, 
and till and outwash layers.   Modified from Ojakangas and Matsch 1982.  Tills 
make up the aquitards and outwash sediments are the aquifers.  Aquifer deposits are 
dendritic and discontinuous making it common for wells drilled within short 
horizontal distances to have very different properties.  
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Figure 2.3  Cartoon of well construction in a glacial aquifer, modified from Erickson and 
Barnes 2005b.  Wells constructed like the one on the right are more likely to have 
elevated As than the well on the left.  The well on the right has a short screen, set close to 
(in this case set partially within) the glacial-till aquitard.  The well on the left has a long 
screen set deep down into the aquifer, far from the contact with the glacial-till aquitard. 
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Figure 2.4  Stratigraphic column, quantitative As speciation, and As and Fe XANES 
spectra for Ottertail County Core-3 (OTT3).  (a) Stratigraphic representation of 
sediments in core OTT3 simplified from Harris et al. 1999.   Whole-rock As 
concentrations (measured via hydride) shown in red.  Symbols mark depths where 
sample collection occurred.  Square symbols mark unaltered tills (aquitard samples), 
triangles for contact tills (aquitard-aquifer contact samples), diamonds for aquifer 
sediments.  (b) Bar graph showing relative proportions of AsV(red), AsIII(blue), and 
As-sulfide (green).  Error bars mark estimated error of 10% (Bargar et al. 2000).  (c) 
Arsenic reference and point XANES spectra.  Reference spectra and marked energies 
are the references and energies used to fit the speciation maps.  (d) Iron reference 
and point XANES spectra.  Reference spectra and marked energies were chosen to 
represent a typical range of Fe species absorption features.  
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Figure 2.5   Correlation-distance hierarchical clustering dendrograms showing As and Fe 
samples spectra seeded with As reference spectra. Square symbols indicate unaltered tills 
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(aquitard samples), triangles indicate contact tills (aquitard-aquifer contact samples), 
hexagons indicate lacustrine sediments, and diamonds indicate aquifer sediments.  (a) 
OTT3 As sample spectra seeded with As reference spectra.  (b) OTT3 Fe sample spectra 
seeded with Fe reference spectra.  (c) TG3 As sample spectra seeded with As reference 
spectra.  (d) TG3 Fe sample spectra seeded with Fe reference spectra.  (e) UMRB2 As 
sample spectra seeded with As reference spectra.  (f) UMRB2 Fe sample spectra seeded 
with Fe reference spectra. 
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Figure 2.6  Results of hierarchical dendograms clustering via cosine-distance and 
heatmaps of fitted reference components measured at points of co-located As and Fe 
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XANES: (a) OTT3, (b) TG3, and (c) UMRB2.  The horizontal dendrogram at the top 
shows the relationship of the sample spectra to each other based on the LCF results for 
each sample spectrum.  The vertical dendrogram to the left shows the frequency of co-
occurrence of the types (generalized bins) of Fe and As species fitted with LCF.  The 
heatmap illustrates clusters of co-occurrence, showing three populations of co-located As 
and Fe species types.  Relative abundance of the four As species groups and the four Fe 
species groups in each heatmap is indicated by shading, where darkness indicates greater 
abundance of a species group.   Ellipses indicate sub-populations of points within the set.  
Square symbols indicate unaltered tills (aquitard), triangles indicate contact tills 
(aquitard-aquifer contact), hexagons indicate lacustrine sediments, and diamonds indicate 
aquifer sediments.  
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Figure 2.7  Stratigraphic column, quantitative As speciation, and As and Fe XANES 
spectra for Traverse Grant County Core-3 (TG3).  (a) Stratigraphic representation of 
sediments in core TG3 (Harris and Berg 2006).  Whole-rock As concentrations 
(measured via hydride) shown in red.  Symbols mark sample collection depths.  Square 
symbols mark unaltered tills, triangles for contact tills, diamonds for aquifer sediments.  
Lacustrine silt marked with a hexagon.  (b) Bar graph showing relative proportions of 
AsV(red),  AsIII(blue),  As(III)sulfide (yellow) and As(-1) sulfide (green).  Error bars 
mark estimated error 10% (Bargar et al 2000).  (c) Arsenic reference and point XANES 
spectra.  Reference spectra and marked energies are the references and energies used to 
fit the speciation maps.  (d) Iron reference and point XANES spectra. Reference spectra 
and marked energies were chosen to represent a typical range of Fe species absorption 
features. 
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Figure 2.8  Stratigraphic column, quantitative As speciation, and As and Fe XANES 
spectra for Upper Minnesota River Basin Core-2 (UMRB2).  (a)  Stratigraphic 
representation of sediments in core UMRB2 (Patterson et al. 1999).  Whole-rock As 
concentrations (measured via hydride) shown in red.  Symbols mark sample collection 
depths.  Square symbols mark unaltered tills, triangles for contact tills, diamonds for 
aquifer sediments.  (b) Bar graph showing relative proportions of AsV(red),  AsIII(blue),  
As(III)sulfide (yellow) and As(-1) sulfide (green).  Error bars mark estimated error 10% 
(Bargar et al 2000).  (c) Arsenic reference and point XANES spectra.  Reference spectra 
and marked energies are the references and energies used to fit the speciation maps.  (d) 
Iron reference and point XANES spectra.   
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Figure 2.9  Eh/pH diagram showing predominance of As, Fe, and S species at 10ºC.  
Dashed lines indicate the points of equal activity between Fe species, solid lines indicated 
the points of equal activity between the arsenic species.  Sulfur speciation follows the Fe 
species lines.  Eh and pH measured in well water from wells within 10km of each core 
are plotted with a square for wells near OTT3, a triangle for wells near TG3 and a plus-
sign for wells near UMRB2.  Wells with water treatment (water softeners and/or iron 
removers) were not included.   
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Abstract 
 
Previous work on the source of well-water As in west-central Minnesota identified glacial 
tills as the solid-phase source of As to well water and the aquitard/aquifer interface as the 
likely source of As from solids to water.  Because the solid-phase reservoirs of As are 
often redox-sensitive species, we froze glacial sediments from a new core under argon in 
order to preserve their redox state.  Anaerobically preserved glacial aquifer sediments 
from an area with a large number of As-contaminated domestic wells were examined by 
bulk chemistry and X-ray Absorption Spectroscopy (XAS).  Solid-phase As and Fe 
speciation was examined on two stratigraphically separate triplets of 1)aquifer, 
2)aquitard,  and 3)contact sediments (6 strata).  Solid phase As and Fe speciation was 
compared with water chemistry of nearby wells.  Bulk water chemistry favors HAsO4-2 
(aq) and FeOOH (s).  Wells with As concentrations greater than the US EPA maximum 
contaminant level of 10 µgL-1 had higher median dissolved Fe and sulfate concentrations 
than wells with As concentrations less than 10 µgL-1.   Co-located As and Fe microprobe-
XANES on discrete points within the strata show that most of co-located As and Fe 
particles are either As(V) with Fe(III) or As with Fe in sulfides.  Both populations were 
found in all examined strata.  A subset with co-located As-bearing sulfide and 
Fe(III)(oxyhydr)oxide was also found.  This indicates that there are both a reduced and an 
oxidized reservoir of As sequestered in the solid phase of these sediments.   Arsenic 
speciation mapping on the two sets of strata show that As in the aquitard material is 
dominantly As-bearing sulfide, while As in the contact material is dominantly As(V).  
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Arsenic in the deeper aquifer stratum was dominantly oxidized As while As in the 
shallower aquifer stratum was predominantly As-bearing sulfide.  An exposure 
experiment in which two different depths of aquitard strata were prepared both 
anaerobically and in the open air found large differences in As speciation between the 
two treatments in one of the strata, but very little difference between the two treatments 
of the other stratum.   
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Introduction: 
In the upper Midwest of the United States geogenic arsenic (As) contamination of 
groundwater has been associated with sulfide minerals in Wisconsin (Schreiber et al 
2000, Gotkowitz 2004; West et al. 2012) and Michigan (Kolker et al 2003).  In 
Minnesota and South Dakota it is linked to glacial sediments (Welch et al 2000; Grosz et 
al. 2004; Erickson and Barnes 2005a, b).  West-central Minnesota is a geographic nexus 
of private drinking-water wells with As concentrations exceeding the US EPA maximum 
contaminant level of 10 µg L-1.  Most private wells in western Minnesota are installed in 
small glacial aquifers within the footprint of the Des Moines Lobe of the late 
Wisconsinan glaciation (Marine isotope stage 2) but no single formation source has been 
identified as the solid-phase source of As to well water.    
 
Glacial aquifers typically form in glacial-outwash sediments composed of sands and 
gravels (aquifer sediments) deposited by fast-moving glacial meltwater but may also 
form in sandy lake sediment.  The aquitard sediments confining these aquifers are glacial 
tills composed of poorly sorted sediments in a matrix of finely-ground clay-sized 
material.  Glacial aquifers tend to be laterally discontinuous which likely contributes to 
the geographic heterogeneity observed in groundwater properties, including As 
concentrations (Toner et al. 2011).   
 
In general, As in aquifer sediments is usually associated with iron (Fe) and sulfur (S) 
minerals, primarily Fe (oxyhydr)oxides and Fe sulfides.  Arsenic-
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minerals such as arsenopyrite, FeAsS, or As-rich pyrite FeS2-xAsx are favored under 
chemically reducing conditions (Schreiber and Rimstidt 2013).   Under chemically 
oxidizing conditions As is associated with Fe(oxyhydr)oxides such as goethite and 
ferrihydrite, through sorption and co-precipitation reactions.  These mineral reservoirs are 
oxidation-reduction (redox) end-members for the sequestration of As in the solid phase.  
Each end member presents the potential for As release when (bio)geochemical 
conditions, especially redox, in aquifers change.  
 
The complex distribution of elevated-As wells in Minnesota glacial aquifers is a 
longstanding public health problem.  The strong geographic heterogeneity of elevated-As 
wells, the relatively low As concentration in aquifer sediments, and the lack of a 
correlation between solid-phase and aqueous-phase As concentrations have contributed to 
the intractability of the problem.  In addition to these factors, it is now known that 
changes in redox conditions near the aquitard-aquifer contact zone contribute to several 
different As release modes within the Des Moines Lobe glacial advance (Nicholas et al. 
in review). 
 
Previous work on the source of well water As in west-central Minnesota identified glacial 
tills as the solid-phase source of As to well water (Welch, 2000) and the aquitard/aquifer 
interface as the likely source of As from solids to water (Erickson and Barnes 2005 a,b).  
Previous solid-phase speciation work on As speciation in solids at the aquitard/aquifer 
interface using archived (stored in open-air) rotary-sonic cores found evidence of 
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reductive desorportion and dissolution and oxidative dissolution as geochemical 
mechanisms releasing As to waters (Nicholas et al. in review).   
 
In this contribution we examine As and Fe speciation in anaerobically preserved glacial 
aquifer sediments from a 10 cm diameter rotary-sonic core collected in Clay County, 
west-central Minnesota.  We use bulk sediment chemistry, X-ray absorption spectroscopy 
(XAS), and nearby well-water chemistry to identify mechanisms releasing As to well 
waters in samples protected from ambient air from the time of collection in the field 
through sample preparation and analysis for As and Fe XAS.  Co-located As and Fe 
XANES were collected to describe the species present and As speciation mapping was 
used to quantify the As species distribution. 
 
Materials and Methods 
Geologic Setting and Groundwater Chemistry.  Clay County (Figure 1 Map) has a 
complex Quaternary history with strata preserved from the advances of the Wadena, Des 
Moines, and Red River lobes of the late Wisconsinan glaciation (Marine isotope stage 2)  
(Wright 1972; Patterson 1998; Hooyer and Iverson 2002; Jennings 2006; Lusardi et al. 
2011).  It sits in a bedrock low and parts of it have been occupied before and after the 
different glacial advances by different stages of Glacial Lake Agassiz (Hobbes and 
Gowan 2014; Gowan 2014).  
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Samples were collected from core CYR-1, Clay County, Minnesota, USA, 46.740N, 
(96.238W).    Clay County has many private drinking-water wells that exceed the US 
Environmental Protection Agency maximum contaminant level (MCL) of 10 µg As L-1, 
however As concentrations in the aquifer materials are not particularly high (< 9 mg kg-
1).    The distribution of As-affected wells in the area is heterogeneous with respect to 
location and well depth (Erickson and Barnes 2005a) and no single formation has been 
identified as the source of As to well waters.    
 
Well-water pH, Eh, and Fe and sulfate concentrations used in this study came from 
previous statewide and regional groundwater chemistry studies conducted in 1998 and 
1999 (MPCA 1999; MDH 2001).  The reported water chemistry comes from single 
sampling events (each well was sampled once) so temporal variability and seasonal 
effects cannot be evaluated from these data. 
Initial aqueous species activities for the predominance diagram were generated with 
Geochemist’s Workbench REACT sub-program (Bethke 2008).  Redox and dissociation 
constants used to delineate the predominance fields were generated using published 
constants (James and Bartlett 1999; Wagman et al. 1982; Eary 1992) and enthalpies 
(Bryndzia and Kleppa 1988).  These were adjusted to 10ºC using the van’t Hoff equation 
(van’t Hoff 1874) to reflect the average well-water temperature. 
Sample Collection, Preservation, and Handling.  Glacial sediments were collected in 
cooperation with the Minnesota Geological Survey County Atlas Project for Clay County 
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in November and December 2010 (Gowan 2014).  Sub-samples for solid-phase As 
analysis were collected in the field from 10 cm diameter rotary-sonic drill cores 
immediately after they were brought to the surface (Figure 3.2). 
 
Samples were chosen in sets of three to represent specific stratigraphic features: (1) 
aquifer sediments, (2) glacial till in contact with the aquifer sediments (‘contact till’), and 
(3) glacial till out of contact with aquifer sediments (‘mid-aquitard till’).   
 
The strata sampled for the shallower triplet are CYR_1_38 (aquifer) CYR_1_40.5 
(contact till) and CYR_1_46 (mid-aquitard till’).  These aquitard strata are Upper 
member till of the Red Lake Falls Formation and the aquifer stratum is a sand and gravel 
deposit in the Upper member of Red Lake Falls Formation. The Red Lake Falls 
Formation was deposited by the Red River Lobe of the of the late Wisconsinan glaciation 
(Marine isotope stage 2) (Gowan 2014).  It has a mixed Riding Mountain and Winnipeg 
provenance (now central Manitoba, Canada).  The Riding Mountain provenance has shale 
and carbonate bedrock and the Winnepeg provenance has carbonate bedrock (Johnson et 
al. 2016). 
 
The sampled strata for the deeper triplet are  CYR_1_61 (mid-aquitard till), CYR_1_78bc 
(contact till) and CYR_1_80ac (aquifer).  These aquitard strata are St. Hillaire member 
till of the Goose River formation and the aquifer stratum is a sand and gravel deposit 
within the St. Hillaire member (Gowan 2014).   The St. Hillaire member was deposited 
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by the Red River lobe of the late Wisconsinan glaciation (Marine isotope stage 2) 
(Gowan 2014) and has a mixed Riding Mountain and Winnipeg provenance (Johnson et 
al. 2016), like the Upper member of the Red Lake Falls Formation sampled for the 
shallower triplet.  The two sampled members are texturally and lithologically similar but 
the St. Hillaire member has more shale (Hobbes and Gowan 2014). 
 
For sub-sampling, the core was scraped with a plastic putty knife to reveal sediments less 
affected by drilling fluids.  The sampled area was photographed in the core.  An aliquot 
was removed with a plastic putty knife and wrapped tightly in Saran® wrap.  On a clean 
work-surface, the sample was sub-divided for microbiology and geochemistry.  Using a 
sterile spoon, sediment was placed in a sterile 15 mL Falcon tube under ambient 
conditions and stored frozen until returned to the lab for final -80 ºC storage. 
A second geochemistry aliquot was collected with the same spoon, placed in a 50 mL 
Falcon® tube and flushed with 1 L of argon (Ar) for 1 minute at 1 psi (equivalent to ~ 20 
tube volumes).  The flushed tubes were then sealed and placed in a portable Ar glove bag 
operated under positive pressure conditions.  The tubes were allowed to equilibrate with 
the Ar atmosphere for 20 minutes prior to packaging.  Within the glove bag, each tube 
was sealed in a minigrip® bag, and then sealed inside an 8 mil Mylar® bag with an 
Anaeropak® oxygen scavenger.  These “anaerobic” samples were kept above freezing for 
an hour after sealing in mylar to encourage scavenging of residual O2 (g) by the 
Anaeropak, and then frozen.  Photographs of the portable glove bag and sample sealing 
apparatus can be seen in the Supplementary Information (SI Fig.SX).   
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The remaining sediment sample was re-wrapped in Saran wrap, in ambient air, sealed in a 
ziplock bag and then frozen, these bulk frozen samples were used for the bulk sediment 
chemistry and for the air-dried “ambient” described below. 
The “anaerobic” geochemistry samples were handled in an H2N2 anaerobic chamber 
(Coy) at all times.   Sediments were thawed, dried at room temperature, ground with a 
corundum mortar and pestle, and passed through a 150 µm sieve.  For micro-probe XAS 
analysis, processed sediments were mounted on adhesive that was physically stabilized 
by a Rinzle®  coverslip.  The adhesive/coverslip was fixed to an aluminum sample holder 
for the Advanced Light Source beamline 10.3.2.  Sample exposure to ambient 
atmosphere was limited by sealing the front and back of the prepared sample with low-S 
mylar (Zeng et al. 2013).  The entire mounted sample, ready for the sample stage, was 
stored in a sealed mylar bag with an Anaeropack until analysis at the beamline.  
To examine the effect of different storage methods on As speciation, aliquots of the 
“anaerobic” geochemistry samples were also 1) dried in ambient air and 2) anaerobically 
preserved with subsequent thawing (two months) and re-freezing.   To prepare the 
“ambient” air samples, sediments from the bulk frozen samples were prepared benchtop 
under ambient conditions using the exact process described above for the “anaerobic” 
samples.   To prepare the “thawed anaerobic” samples, splits of the anerobic samples 
were prepared using the “anaerobic” process with the exception of two months storage at 
ambient temperature (instead of -20 C). The purpose of the “thaw anaerobic” handling 
was to emulate a freezer failure that occurred in June-August 2010 which affected some 
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samples that had been collected during the January-March 2010 field season.  All the 
samples described in this paper underwent the complete “anaerobic” handling procedure 
and were collected in November 2010. 
 
Bulk Sediment Chemistry.  Approximately 100 g of bulk frozen sediment was thawed, 
dried, disaggregated with a ceramic mortar and pestle, sieved to remove pebbles > 2 mm, 
and stored in plastic tubes in dark ambient conditions.   For dissolution chemistry, 
subsamples of the < 2 mm fraction were sent to a United States Geological Survey 
(USGS) contract laboratory for analysis using published methods (Taggart 2002).   The  
< 2 mm fractions were digested in a four-acid decomposition (nitric, hydrochloric, 
perchloric, and hydrofluoric acids).  Forty-two major and trace elements were measured 
by a combined inductively coupled plasma atomic emission spectrometry/mass 
spectrometry (ICP-AES/MS) method.  Arsenic and selenium (Se) were measured 
separately by continuous-flow, hydride-generation, atomic absorption-spectrometry, and 
mercury (Hg) was analyzed by cold-vapor, atomic-absorption spectrometry.  Three of the 
samples (CYR_1 37bc, 38ac and 38c) were analyzed at the University of Minnesota 
Earth Sciences ICP-MS lab.  These samples had the four-acid digestion and were then 
analyzed on a via ICP-MS.  Sulfur was not measured in these samples.  
 
X-ray Absorption Spectroscopy.   Microprobe X-ray fluorescence (µXRF) maps, As 
and Fe 1s microprobe X-ray absorption near edge structure (point-XANES) spectroscopy, 
and As “speciation maps”  were measured at the X-ray micro-probe beamline 10.3.2, 
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ALS, Lawrence Berkeley National Laboratory, USA (Marcus et al. 2004).  For As 
measurements the monochromator was calibrated by setting the main resonance of the As 
XANES spectrum of sodium arsenate to 11,875 eV.  For Fe measurements, the 
monochromator was calibrated using Fe foil with the inflection point of the XANES 
spectrum set to 7110.75 eV.  Fluorescence mode measurements were made with a 
Canberra 7-element germanium solid-state detector, or with Vortex or Amp-Tek silicon 
drift diode detectors.  Measurements were conducted at room temperature in ambient 
atmosphere.  All As and Fe point-XANES data were collected in “quick” mode with a 
full sweep of the monochromator in 30 seconds.  The number of sweeps per point varied 
depending on the quality of the spectra, for most points 30-45 sweeps were collected 
while more diffuse spots required more than 60 sweeps to resolve the spectra sufficiently 
for fitting.  
The speciation of As in the samples was described in two steps (Nicholas et al. in 
review):  
1) The spatial distributions of total As, Fe, and other elements were mapped using XRF 
with a resolution of 5 µm2 pixels (beam size 6 µm × 6 µm).  Then As point-XANES 
data were collected in the area of the XRF map.  These As spectra were fit with a set 
of 25 As reference spectra using linear least-squares combination fitting (LCF) (see 
SI).  The best-fitting As species were used to design the “speciation mapping” 
protocol (step two). 
2) An As speciation mapping protocol was developed for glacial sediments (Toner et al. 
2014). The method has the same components as chemical-speciation-multi-energy 
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mapping methods developed for S (Zeng et al. 2013; Pickering et al. 2009) and Fe 
(Lam et al. 2012; Mayhew et al. 2011; Toner et al. 2012; Marcus et al. 2010).  
Multiple XRF maps were collected from sample areas with energies spanning the As 
1s absorption edge.  The number of XRF maps and the incident energy for each were 
chosen based on the observed As species present (point-XANES observations) and 
the degree to which the absorbance at specific energies could distinguish among the 
species present.  This selection process was aided by a custom beamline program 
chem map error estimator (see SI).   
The following six incident energies were used for As  speciation mapping: 11830eV (pre-
edge), 11868 eV (arsenopyrite), 11869 eV (orpiment), 11871.5 eV (arsenite), 11875 eV 
(arsenate), and 11979 eV (post-edge).  The species listed for each energy are those for 
which mapping at that energy provides the greatest sensitivity, but all species contribute 
to the signals at all energies.  The speciation map data sets were composed of six XRF 
maps that yield a six-point absorption profile at each pixel in the aligned composite map, 
with an error estimate for the calculated species in a speciation map of less than 10 mol% 
for each species type.   
 
The speciation maps were fit pixel-by-pixel using custom beamline software (Marcus 
2010) using linear combination fitting (LCF) with reference spectra and a spectrum 
collected on an empty sample preparation as a material blank.   We used four reference 
spectra to fit to the map:  
1) arsenate sorbed to goethite as representative of As(V), 
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 2) arsenite sorbed to ferrihydrite as representative of As(III), 
3) orpiment as representative of As-sulfides in which As(III) is the metal bound to 
reduced S,  
4) arsenopyrite as representative of As(-I) sulfide, in which As substitutes for sulfur in 
the disulfide and is bound to both Fe and reduced S.  
 
The quality of the speciation-map fits was evaluated with the whole-map, mean-squared 
error.  The agreement between the speciation-map fits and point-XANES data was 
evaluated by comparing the species fraction from the maps with the species fraction from 
the point-XANES using the same 4-species reference set as the map, and allowing 4-
member fits. The mole fraction of each As species was calculated by summing the mole 
fraction from all pixels in the speciation map and normalizing by the number of pixels 
(Nicholas et al., submitted).  
 
Additional point As point-XANES spectra were collected within the area of the 
speciation map to ensure that the pixel-by-pixel fits and point XANES collected on the 
same spot were in agreement.  Co-located Fe point-XANES spectra were collected on the 
same locations as the As point XANES to describe As-bearing or -associated minerals in 
greater detail.   
 
As described in detail by Nicholas et al. (in review), As and Fe point-XANES spectra 
were compared with each other and suites of As and Fe reference spectra using a 
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correlation-distance hierarchical clustering approach.  This statistical analysis allows one 
to compare spectra in a way that is not sensitive to scaling and differences in mean values 
(D’haesseleer 2005).  Sample spectra and selected reference spectra were organized into 
dendrograms according to correlation distance.  The same four As references used to fit 
the As speciation maps were used as the reference spectra in the As correlation-distance 
trees. 
 
Data derived from LCF of co-located Fe and As point-XANES spectra (fractional species 
bins) were used to generate heat map and cosine-distance dendrograms to: (1) illustrate 
relationships between As and Fe for individual points within samples, and (2) identify 
populations of point types within the samples.  Cosine-distance hierarchical clustering is 
often used for compositional data because it is sensitive to differences from a mean 
composition (D’haeseleer 2005).   
 
For this analysis, the Fe point-XANES spectra best fit by primary Fe-bearing silicates 
were not included because they are thought to be relatively inert mineral surfaces with 
respect to As.  For particles where primary Fe silicates were among the components, the 
primary Fe-silicate component was removed from the total and the remaining 
components normalized to 100%.   
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Results  
Bulk Geochemistry. Dissolution major and trace element chemistry was done on 17 
samples of glacial sediments from Core CYR-1 and include glacial till (aquitard), glacial 
stream sediment (aquifer), and glacial lacustrine sediments (Figure 2: Core stratigraphy 
with sample locations).  Results for As, Fe and S concentrations are shown in Table 1 
and complete results for all elements are presented in SI Table 1.  Arsenic concentrations 
ranged from 2.6 mg kg-1 to 8.1 mg kg-1 with a median value of 6.1 mg kg-1.  Iron and S 
concentrations are reported as elemental weight percent (rather than an oxide basis).  Iron 
concentrations ranged from 0.9% to 2.4% and S concentrations ranged from 0.04% to 
0.46% with median value of 0.3%.   Iron and S ratios show no clear pattern with regard to 
sediment type. 
 
Well-Water Chemistry.  Of the 113 private drinking water wells near core CYR-1 
(Figure 3.1: Buffer map) 84 have As concentrations in excess of the US EPA MCL of 
10 µg L-1. (Minnesota Pollution Control Agency 1999; Minnesota Department of Health 
2001; Minnesota Department of Health 2002; Minnesota Geological Survey and 
Minnesota Department of Health 2004).  End-point domestic water treatment is quite 
common in this area and of the 113 wells, 63 had some kind of water softener, Fe 
remover, or other water treatment in places (treated wells excluded from analysis).  Of 
the 50 remaining untreated wells within 20 km of core CYR-1, As concentrations ranged 
from 0.06 to 67 µg L-1 with a median concentration of 8.9 µg L-1.  Dissolved Fe 
concentrations ranged from 7 to 11,345 µg L-1 with a median Fe concentration of 1168.7 
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µg L-1.  Sulfate was reported for only 40 of the 50 untreated wells, of those 40 the range 
of sulfate concentrations was from 5 to 827 mg L-1 with a medium sulfate concentration 
of 68 mg L-1.  Figure 3.3 is an Eh/pH predominance diagram showing the 50 untreated 
wells.  Wells with As concentrations above and below 10 µg L-1 tend to group together in 
the predominance diagram.  Most of the untreated wells (44 of the 50) are in the stability 
field for HAsO4-2 (arsenate), four are in the stability field for H2AsO4- (arsenate), and two 
are in the stability field for As(OH)3(arsenite).   Table 2 shows the median water 
chemistry conditions for wells above and below the 10 µg L-1 US EPA MCL for arsenic.  
The 10 km buffer contains only one untreated well with As below 10 µg L-1 so it is 
difficult to identify trends within the 10km buffer.  Within the 15 and 20 km buffers we 
see that there is very little difference in pH and Eh between wells with As concentrations 
above and below 10 µg L-1.  In both the 15 and 20 km buffer, wells with As greater than 
10 µg L-1 also have much higher median dissolved Fe and dissolved sulfate than the wells 
with As below 10 µg L-1wells.   The wells with As in excess of 10 µg L-1 also have a 
somewhat shallower median depth of 85m.   
 
Arsenic and Fe Point-XANES.  Arsenic point-XANES collected on the anaerobically 
preserved samples (Figures 3.4 and 3.5 As stacked spectra)  show a that most points 
appear to be either chemically reduced As or oxidized As with only one point showing a 
mixed valence spectrum (contact till CYR 1 78 spot 5).  Iron point-XANES collected at 
the same locations show Fe(III) in all levels and Fe-sulfides in the aquifer and the 
aquitard (Figures 3.6 and 3.7).  The five Fe point-XANES spectra in the contact till are 
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nearly identical.  Correlation-distance hierarchical clustering of the As and Fe spectra 
show that As point-XANES tend to be diverse among the strata, with points from each 
stratum represented in each cluster (Figure 8 As tree).   Iron spectra tend to cluster by 
stratum (Figure 9 Fe tree)  with extremely close clustering of the Fe spectra from the 
CYR-1-78 (contact till).    
 
Complete linear combination fitting (LCF) results for the As and Fe point-XANES can be 
found in SI Tables 2 and 3.   These show both the specific reference to the spectra fit and 
the “binned” results in which specific reference spectra were assigned to a more general 
group, e.g. pyrite is assigned to the more general Fe(-I)-sulfide bin.  The binned results 
and cosine-distance hierarchical clustering were used to generate a heat map (Figure 10 
Heat Map) showing both As and Fe LCF results for the same points.    This figure shows 
that there are two main populations of As and Fe co-located particles: one that is almost 
exclusively As(V) with Fe(III), and one that is almost all As- and Fe-sulfide.  Fit results 
from two points, CYR-1-80-spot 3 in the aquifer and CYR-1-78-spot 5 in the contact till 
are dominantly As-sulfide and Fe(III)oxyhydr(oxides).   
 
Arsenic Speciation Mapping.  Relative abundance of As species in the chemical maps 
are shown in Figure 11 (bar chart) and Table 3.  Two sets of three strata are shown.  
In the upper triplet we see similar total As concentrations in the mid-aquitard and contact 
tills, with slightly higher As in the contact till.  The aquifer sediments have a much lower 
As concentration.  The aquifer and the mid-aquitard till are mostly As-sulfides while the 
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contact till is dominated by oxidized As.    In the lower triplet we see higher As 
concentrations overall, similar As concentrations in the mid-aquitard and contact tills 
with slightly higher overall As in the contact till and a lower As concentration in the 
aquifer sediments.  The mid-aquitard till is dominantly As-sulfide, the contact till is 
entirely oxidized As and the aquifer is dominantly oxidized As.   
 
Results of As speciation mapping on the thaw/exposure experiment are shown in Figure 
12 and Table 4.  CYR1-61 and CYR1-46 are both mid-aquitard till samples from the St. 
Hillaire member of the Goose River formation.  Three treatments of CYR1-61 were 
mapped.  Compared with the anaerobic treatment which was predominantly As sulfides 
the thawed anaerobic and open air samples from CYR1-61 were more oxidized and had 
similar fractions of combined As sulfides and combined AsV and AsIII.  The open air 
sample from CYR1-61 was dominated by end members As(-I) sulfide and As(V) while 
the thawed anaerobic sample had larger fractions of As(III) and As(III)sulfide.  Results 
for CYR1-46 were different from those of CYR1-61.  Two treatments of CYR1-46 were 
mapped and the Anaerobic and open-air treatments of CYR1-46 were indistinguishable 
within the error. 
 
Discussion 
Mechanisms of As Release from Sediments to Groundwater.  Linear combination 
fitting of As and Fe point-XANES indicates the presence of As- and Fe–sulfides, as well 
as oxidized As and Fe in all of the sampled strata.   Results of As speciation mapping 
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show that As(V) and As-sulfides are the dominant As species present..  These species are 
out of equilibrium with the well water near core CYR1 (Figure Eh pH diagram).  Well-
water conditions favor Fe oxyhydr(oxides) and As(V) aqueous species.  This suggests 
oxidative dissolution of Fe and As-bearing sulfides as a mechanism liberating As to 
waters (Equation 1). 
Equation 1: 
4𝐹𝑒𝐴𝑠𝑆(7) + 11𝑂&(:) + 6𝐻&𝑂(<) 	→ 	4𝐹𝑒(=>)&. + 4𝐻?𝐴𝑠𝑂?(=>) + 4𝑆𝑂%(=>)&' 	 
 
In circumneutral pH environments, Fe2+(aq) oxidizes to Fe(III) and precipitates as an 
Fe(oxyhydr)oxide (Schrieber and Rimstidt 2013) 
Equation 2: 𝐹𝑒(=>)&. + 2𝐻&𝑂(<) → 𝐹𝑒𝑂𝑂𝐻(7) + 3𝐻(=>). + 𝑒' 
 
The freshly formed (oxyhydr)oxide presents favorable binding sites for the dissolved As 
(Yu et al. 2007).    
 
Two of the wells within the 20 km buffer zone favor As(III) aqueous species and many of 
the wells are near the equilibrium between As(V) and As(III) aqueous species.  Changes 
in redox would tend to favor the reduction of As(V) to As(III) and this would be expected 
to cause some desorption of As into waters (Saalfield and Bostick 2009).  It is important 
to note that the well-water-chemistry data present a snapshot of water chemistry at a 
single moment, and chemical conditions of the pore water, where most of the rock-water 
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interactions are taking place, are likely to be different from the bulk well-water chemistry 
(Gotkowitz et al. 2004). 
 
Comparison of water chemistry conditions between wells with As concentrations above 
and below the 10 µg l-1 MCL shows higher concentrations of Fe and S in well waters 
with elevated As (Table 2) and this also consistent with oxidative dissolution of sulfides 
as a mechanism liberating As to waters.  
 
Median redox conditions are slightly higher in wells with As above the MCL within the 
15 km buffer, but median redox conditions are lower when we include wells out in the 20 
km buffer.  A drop in redox conditions where wells are near the equilibrium of As(V) and 
As(III) would favor the reduction and desorption of As(V) to As(III) (Cullen and Reimer 
1989; Erbs et al. 2010).   
Equation 3: 
𝐻𝐴𝑠𝑂%&' ⋯𝐹𝑒𝑂𝑂𝐻	 𝑠 + 3𝐻. 𝑎𝑞 +	𝑒' → 𝐹𝑒&. 𝑎𝑞 + 2𝐻&𝑂	 𝑙 +	𝐻𝐴𝑠𝑂%&' 
 
Correlation-distance clustering of As point-XANES shows the sample spectra clustering 
more closely with each other than with any of the reference spectra, with samples from 
different strata clustered together (Figure 8).  This suggests samples undergoing similar 
weathering processes at different rates and for different lengths of time.  Correlation-
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distance clustering of the Fe point-XANES co-located with As tended to be by stratum 
(Figure 9), which suggests an overprint of the Fe parent material. 
 
The heatmap of LCF output for the co-located As and Fe point-XANES (Figure 10) also 
points to a weathering process with the As- and Fe-sulfides as one end member and the 
oxidized As and Fe as another end-member.  The presence of the mixed group (As-
sulfide with Fe oxy(hydr)oxides) is interesting because it was also found during analysis 
of co-located As and Fe point-XANES from archived cores that had been stored in the 
open air (Nicholas et al. in review).  The appearance of the mixed group in anaerobically 
preserved cores suggests that this may be a stage of in-situ weathering rather than an 
artifact of sample storage. 
 
Arsenic Sulfide Accumulation – Evidence for Past Sulfate Reducing Conditions.  A 
finding that was very surprising was that most of the As in the upper aquifer (CYR1-38c) 
fit in the speciation map as As(III)sulfide.  A column-reactor study by Onstott et al. 
(2011) in which the authors stimulated sulfate-reducing bacteria in sediments and 
porewaters collected from an As-contaminated aquifer by injecting additions of sulfate, 
lactate, phosphate, and Fe found that this treatment resulted in the formation of As-rich 
microcrystaline sulfides.  Concentrations in the reactor experiment were much higher 
than those found in the area of core CYR1, but it presents an interesting avenue for 
further research. 
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Preservation of Redox Sensitive Sediments.  Speciation mapping results for the three 
treatments of CYR1-61 (anaerobic, thaw anaerobic, and open-air) (Figure 12) show a 
slight relative increase in oxidized As between the anaerobic and the thaw-anaerobic 
treatments and a larger increase in oxidized As between the anaerobic and the open-air 
treatment.  The greatest change was in the relative proportion of As(III)-type sulfide 
which may indicate that this species is more labile over a short period of time.  
Differences between the two treatments (anaerobic and open-air) of  CYR1-46 were very 
slight and both treatments were dominated by As(-I)-sulfide and As(V).  These data are 
not conclusive but suggest that As(III) and As(III)sulfide may be more labile in ambient-
air than As(-1) sulfide. 
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Table 15 CYR-1 wet chemistry results   
Samples labeled USGS were analyzed in a USGS contract lab and samples labeled UMN 
were run in the University of Minnesota Earth Sciences ICP-MS lab. 
Sample name Sample Description Depth (m) 
 As 
mg/kg 
Fe 
% S % Fe/S lab 
CYR1_25 Silt loam till with sand and 
gravel (aquitard) Upper 
Member, Red River Falls 
Formation 
7.6 6.5 1.9 0.3 6.7 USGS 
CYR1_31_i Silt loam till (aquitard) 
Upper Member, Red River 
Falls Formation 
9.4 8.3 2.1 0.04 51.3 USGS 
CYR1_37ac_i Silt loam till (aquitard) 
Upper Member, Red River 
Falls Formation 
11.3 8.8 2.4 0.2 9.9 USGS 
CYR1 _37bc fine silty sand (aquifer) 
outwash in Red River 
Falls Formation 
11.3 2.87 0.9 na   UMN 
CYR1 _38ac fine silty sand (aquifer) 
outwash in Red River 
Falls Formation 
11.5 2.58 1.1 na   UMN 
CYR1_38c sand and gravel (aquifer) 
outwash in Red River 
Falls Formation 
11.6 6.47 1.8 na   UMN 
CYR1_40.5 Silt loam till (aquitard) 
Upper Member, Red River 
Falls Formation 
12.3 5.4 1.5 0.4 3.5 USGS 
CYR1_41ac fine sandy silt with lignite 
(aquifer) slow water 
sediment, Red River Falls 
Formation 
12.5 8.5 1.9 0.1 18.7 USGS 
CYR1_41_bc_i pebbly silt loam till with 
possible sulfides (aquitard) 
Upper Member, Red River 
Falls Formation 
12.5 7.8 2.0 0.1 16.5 USGS 
CYR1_46 Silt loam till (aquitard) 
Upper Member, Red River 
Falls Formation 
14.0 4.6 1.7 0.4 4.6 USGS 
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Sample name Sample Description Depth (m)  As mg/kg Fe % S % Fe/S lab 
CYR_1_56ac silty fine sand 
(aquifer) outwash in 
Goose River 
formation 
17.1 3 0.9 0.2 5.7 USGS 
CYR1_61 Loam till (aquitard) 
St. Hillaire member, 
Goose River 
formation 
18.6 6.1 1.9 0.4 4.3 USGS 
CYR_1_64ac Loam till (aquitard) 
St. Hillaire member 
till, Goose River 
formation 
19.5 4.9 1.6 0.4 4.2 USGS 
CYR1_64bc Loam till (aquitard) 
St. Hillaire member 
till, Goose River 
formation 
19.5 6 1.4 0.3 4.3 USGS 
CYR_78bc Loam till (aquitard) 
St. Hillaire member 
till, Goose River 
formation  
23.8 8.9 2.3 0.1 33.1 USGS 
CYR1_80ac fine silty sand 
(aquifer) outwash in 
Goose River 
formation 
24.4 3.9 1.8 0.3 7.1 USGS 
CYR1_208_i clay with silt 
(lacustrine sediment) 
Otter Tail River 
formation  
63.4 7.4 2.3 0.5 5.0 USGS 
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Table 16 Well water chemistry near core CYR-1  
Gradient of median well-water chemistry conditions in wells near core CYR-1  
 
Distance  10km 15km 20 km 
 
As below 
10 µg L-1 
As above 
10 µg L-1 
As below 
10 µg L-1 
As above 
10 µg L-1 
As below 
10 µg L-1 
As above 
10 µg L-1 
n 1 4 8 9 27 23 
As µgL-1 7.2 15.5 1 18.5 1.8 31.4 
depth (m)   107 24 27 26 37 26 
Eh (mV) 132 196 124 135 124 98 
pH 7.5 7.2 6.8 6.8 7.3 7.3 
Fe µg L-1 393 962 445 1976 522 1405 
SO4 mg L-1 47 44 52 68 63 75 
  
Table 2 caption:  Median water chemistry conditions for wells above and below the   
10 µg L-1  US EPA MCL for arsenic. 
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Table 17 in upper and lower anaerobic triplets   
Stratum Total As  As (V)  As(III)  
As(III) 
sulfide  
As(-I) 
sulfide  
CYR1-38c  
Aquifer 
outwash in Red River 
Falls Formation 
100% a 38% a 0% a 52% a 10% 
b1.8 mg/kg 
c 0.7 mg/kg c 0.0 mg/kg c 0.9 mg/kg c 0.2 mg/kg 
CYR1_40.5  
contact till  
Red River Falls 
Formation 
 100% a 76% a 10% a 4% a 10% 
b 5.4 mg/kg 
c 4.1 mg/kg c 0.5 mg/kg c 0.2 mg/kg c 0.5 mg/kg 
CYR1_46  
mid-aquitard till 
Red River Falls 
Formation 
100%  a 19% a 15% a 18% a 48% 
b 4.6 mg/kg 
c 0.9 mg/kg c 0.7 mg/kg c 0.8 mg/kg c 2.2 mg/kg 
CYR1_61  
mid-aquitard till 
St. Hillaire member, 
Goose River 
formation 
 100% a 11% a 11% a 44% a 34% 
b 6.1 mg/kg 
c 0.7 mg/kg c 0.7 mg/kg c 2.7 mg/kg c 2.1 mg/kg 
CYR_78bc  
contact till 
St. Hillaire member, 
Goose River 
formation 
 100% a 73% a 27% a 0% a 0% 
b 8.9 mg/kg 
c 6.5 mg/kg c 2.4 mg/kg c 0.0 mg/kg c 0.0 mg/kg 
CYR1_80ac  
Aquifer 
outwash in Goose 
River formation 
 100% a 32% a 47% a 21% a 0% 
b 3.9 mg/kg 
c 1.2 mg/kg c 1.8 mg/kg c 0.8 mg/kg c 0.0 mg/kg 
 
   
a – Arsenic species fraction as measured by speciation mapping (Figure X) 
b – Arsenic concentration as measured via continuous-flow hydride-generation atomic 
absorption spectrometry after total acid extraction (Table 2).    
c – Arsenic species abundance calculated by multiplying relative abundance by total As. 
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Table 18   
Thaw experiment samples As(V) As(III) As(III) sulfide 
As (-I) 
sulfide 
CYR-1 61 anaerobic 11% 11% 44% 34% 
CYR-1 61 thawed anaerobic  18% 22% 18% 32% 
CYR1-61 open air 35% 15% 6% 44% 
CYR1-46 anaerobic 15% 19% 18% 48% 
CYR1-46 open air 21% 20% 16% 43% 
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Supplementary file “Nicholas dissertation supplementary files 1 to 5.xlsx” was submitted 
to the UMN digital conservancy with this thesis.  It is an excel workbook with five tables.  
Tables 1 and 2 are the complete provenance and citation information for all As and Fe 
reference spectra used.  Tables 3, 4, and 5 are the reference spectra fits, fractions, and 
scores for the sampled spectra from cores OTT3, TG3, and UMRB2. 
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Figure 10 Simplified descriptove stratigraphy of core CYR-1.  Simplified from Gowan 
2014.   Sample depths are shown by stars.  Red bars show As concentration as measured 
by dissolution chemistry.  Filled red stars show samples for XAS. 
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Figure 11 Location of core CYR-1 and nearby drinking-water wells, with 10, 15 and 
20km buffers shown. 
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Figure 12 Eh/pH diagram showing predominance of As, Fe, and S species at 10ºC 10, 
15, and 20km buffers.  High and low As wells within 10, 15 and 20 km of CYR-1 cluster 
together on the Eh/pH diagram.  Using this as a predictive model we see that the favored 
Fe species is FeOOH and the favored S species is sulfate.  The favored As species would 
be arsenate, with two wells more favorable for arsenite. 
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Figure 13  Till and stream sediments from the Upper member of the Red River Falls 
Formation    
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Figure 14 till and stream sediments from the St. Hillaire member oft the Goose River 
formation. 
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Figure 15 till and stream sediments from the Upper member of the Red River Falls 
Formation    
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Figure 16 Till and stream sediments from the St. Hillaire member of the Goose River 
formation. 
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Figure 17  
 
  
Anaerobic As XANES 
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Figure 18  
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Figure 19   
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Figure 20 Relative abundance of As species measured via As speciation mapping, upper 
and lower anaerobic triplets. 
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Figure 21  Relative abundance of As species measured via As speciation mapping, thaw 
experiment. 
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Chapter 4: NOVEL APPLICATIONS OF STATISTICAL METHODS 
AND NEW SOFTWARE 
Section 1, Introduction:   
In this chapter I describe the statistical methods that were used to analyze the XANES 
data (Chapters 2 and 3) and describe the motivation for writing new XANES data 
analysis software mrfitty.py.  Section 2 describes traditional methods of linear 
combination fitting (LCF) and principle component analysis (PCA). Section 3 describes 
and illustrates the use of some statistical tools commonly used in genomics and data 
mining that, to my knowledge, have not been applied to XAS data before.  Correlation 
distance hierarchical clustering was used to compare normalized sample spectra to each 
other.   Cosine distance hierarchical clustering was used to identify patterns of co-
occurrence between linear combination fits (LCF) of As and Fe reference spectra to co-
located As and Fe XANES sample spectra.  These two methods were illustrative and 
helpful.   Section Four describes novel statistical methods that were applied without 
success.  I applied cosine distance hierarchical clustering to the dissolution chemistry 
seeking a chemical fingerprint of different till groups but found no relationship between 
the trace or major element composition of the till matrix and the named till groups.  I 
applied the LASSO variant of linear least squares fitting to the LCF data hoping to limit 
the number of references used in LCF but found that this method tended to give larger 
sets of references than were indicated by the traditional method. 
The first paper submitted from this project (Chapter 2) introduces and presents a link to 
the mrfitty Python program for linear combination fitting, correlation-distance 
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hierarchical clustering, and cosine-distance hierarchical clustering of XAS data.  The 
original motivation for writing original software was to deal with re-fitting when new 
reference for arsenic became available.  Before mrfitty.py I fit each sample spectrum one 
at a time to a set of reference spectra using the data analysis software written in LabView 
by Matthew Marcus, the beamline scientist at 10.3.2.  This is still how I do it at the 
beamline when the data first comes in, because I want to do a rough fit on each sample 
spectrum right away.   This is a very iterative process and it is necessary to re-fit the data 
using different sets of reference spectra.  As my work moved forward I was in contact 
with other scientists who were studying As.  I was sent new reference materials from 
which I collected spectra (e.g.As and Fe spectra on lollingite, and arsenopyrite from the 
Smithsonian minerals collection) or new reference spectra (e.g As-pyrite and scorodite 
As spectra from Andrea Foster,  arsenopyrite Fe spectra from Rob Root before they were 
published in 2015).  This was exciting but it also meant that I had to re-fit every sample 
spectrum one at a time to the set of references with the new reference spectrum.   
Watching me re-fit my spectra one at a time prompted Joshua Lynch, a scientific 
programmer of my acquaintance, to propose that we write a program that would allow me 
to fit all the spectra to all the references at one time.  This program, mrfitty.py has been 
through several iterations but the roughest version was ready to try out in about a week 
and it was a revolution for me; it made curiosity cheap.  If I wanted to see how adding 
and removing reference spectra from consideration changed the fits to all the spectrum 
instead of taking a week it took about 5 minutes to write a new configuration file and 
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then 70 seconds to fit all the As spectra and 5 minutes to fit all the Fe spectra (the iron 
database is much larger than the arsenic database).    
The software and instructions for the use of mrfitty.py are available at Github.  The 
software development work was done in collaboration with Joshua Lynch (at that time 
UMN Bioinformatics and Computational Biology) who is a co-author on the first paper.   
The correct citation for mrfitty.py is the paper that was submitted to GCA in June 
(Chapter 2). The software is copyrighted 2014 by Lynch and Nicholas under an MIT 
license.   The MIT license allows anyone to use or modify the software for his or her use.  
Originally the hierarchical clustering (mstree) and the table-generating software 
(msreport, mspie) were separate programs but now they are included in mrfitty.  
https://github.com/jklynch/mr-fitty.  
 
Section 2: Orthodox statistical methods applied to XANES data analysis in the usual 
way:   
XAS spectroscopy usually relies on two main statistical methods.  Linear combination 
fitting (LCF) of a reference database is used to assign proportions of different chemical 
species.  Principle component analysis (PCA) is to a number of spectra and find the 
number of components in them such that the number of components is less than the 
number of spectra.  
Linear combination fitting   All the spectroscopy data in this study except for 
correlation-distance hierarchical clustering are direct results of linear combination fitting 
(LCF) of a reference database.  Linear combination fitting is commonly described as a 
  121 
Laplacian or classical statistical method.    The origins of LCF are with the use of 
determinants to solve simultaneous linear equations by Liebniz in 1693 (Berlin-
Brandenburg Academy of Sciences and the Academy of Sciences in Gottingen 190x).  As 
applied here LCF is a reference-database-dependent analysis (Figure 1).  Figure 1. 
The model for linear combination fitting is: 
Equation 1 𝑓	 = 𝛽] + 𝛽^r^ + 𝛽&r& + ⋯+ 𝛽>r> + 𝜖 
Where Y is the measured spectrum, b0 is a constant, b1 to bq are the coefficients of r1 to 
rq, the constituent parts, and e is an error term representing noise.  (James et al. 2014). 
In practice, this model is applied through a linear least squares fitting (LLS) approach 
that estimates the coefficients  𝛽], 𝛽^, 𝛽&,⋯ , 𝛽>  of reference components (predictors) and 
estimating the fit (solution). 
Equation 2: 𝑓B = 𝛽] + 𝛽^r^ + 𝛽&r& + ⋯+ 𝛽>r> 
In this context, “linear” means that a series of reference spectra are fit to an experimental 
spectrum by multiplying reference spectra (ri) by a coefficient 𝛽B  and adding a constant 
to arrive at a fit.   
The residual sum of squares (RSS) is then used to compare the fit outcome to the 
experimental spectrum and as a tool for ranking different fit outcomes.  For the RSS, 𝑓B is 
the measured fluorescence (experimental spectrum) at a given incident X-ray energy i 
and  𝑓B is the estimated fluorescence (sum of fit component spectra) at given energy i. 
Equation 3: 
  122 
𝑅𝑆𝑆 = (𝑓B − 𝑓)&bBc^  
Which can be expanded using Equation 2: 
𝑅𝑆𝑆 = (𝑓B − 𝛽] − 𝐵^𝑟B^ − 𝐵&𝑟B& − ⋯− 𝐵>𝑟B>)&bBc^  
Equation 4. 
where 𝛽> is the estimated coefficient of the reference rq at incident energy i.  (James et al. 
2014 pp 71-75). 
In order to compare reference spectra of different lengths or with different numbers of 
sampling points (e.g. different energy resolution) it is necessary to compare the 
normalized sum of squares (NSS) of fits.  NSS is the RSS divided by the number of 
points (incident X-ray energies) fitted.   
By this method, using ALL the reference spectra will always produce the lowest NSS 
(James et al. 2014).  In the standard LCF fitting approach, we generate  a list of NSS 
ranked one, two, and three component fits using a variety of custom freeware packages 
(e.g. SixPack, Webb et al. 2005; ALS 10.3.2, Marcus et al. 2004).  The number of 
allowable components is typically limited to a maximum of three or four components 
based on the sensitivity of the XANES method (detection limit) and the error associated 
with LCF (often difficult to assign for complex systems because the fitting is database 
dependent).  However, the estimated error for LCF-derived components is often reported 
as 5 - 10 mol % on a per atom basis.  In studies reporting calibration curves with simple 
binary and ternary mixtures, the error is lower but remains high relative to other 
analytical methods and is highly element and absorption-edge specific (e.g. 1 – 3 mol % 
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on a per atom basis for ternary mixtures of Mn(II), Mn(III), and Mn(IV); Bargar et al. 
2000).  For natural materials with a large number of chemical species and physical 
heterogeneity, a microprobe XANES approach can be used to effectively simplify the 
experimental spectra to counteract the 3-to-4 fit component limitation (for review; Toner, 
Nicholas, and Coleman Wasik 2014).   
The components (i.e. reference spectra) included in LCF analysis are chosen to best 
represent the physical, biological, and chemical conditions present for the sample in situ.  
Vetting of the reference spectra database is often conducted prior to LCF through a 
database independent step that uses principle component analysis (PCA) and target 
transformation analysis (TTA) (Malinowski 1977; 1978; Manceau et al. 2002; Webb 
2005; Toner et al. 2006; 2012).     
Linear combination fits are also constrained to be physically realistic.  For example, the 
reference components are not allowed to take on negative contributions (e.g. – 0.5 mol % 
pyrite is not allowed even when it improves the NSS).  An LCF approach that is 
unconstrained by knowledge of the system being studied (geology, chemistry, 
mineralogy) will get the best NSS by using a large, and physically unrealistic, number of 
reference compounds, many with very small coefficients and near-equal contributions of 
similar references.  The increment of improvement to the NSS will decrease as the 
number of references increases.   
The detection limits and error estimates discussed above protect analysts against this 
potential problem, but ultimately the operator also has to have an understanding of 
chemistry and mineralogy of the system she is studying.  As an anecdotal example, once 
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right after switching from measurements on As to Fe, I had two iron spectra that fit as 
mostly kamacite. This was extremely surprising because kamacite is elemental Fe and is 
pretty much only found in meteorites.  As it turns out I had left the Fe foil (elemental Fe) 
that is used to calibrate the instrument in the holder behind the sample stage and enough 
x-rays were getting through the sample to fluoresce the foil. This is also a cautionary tale 
about always doing at least a rough fit right away as the data come in. 
Both the 10.3.2 software and mrfitty solve for all the 1, 2, and 3 reference non-negative 
solutions and then report them in order of smallest NSS. In practice this method works 
quite well in that it provides good fits (low NSS) and sparse solutions that tend not to 
have closely-related constituent parts.  If the operator wanted to, she could easily set 
either set of software to solve for more than three references but in practice this is 
unlikely to give a realistic solution. 
Principal component analysis was invented independently by Karl Pearson (Pearson 
1901) and Harold Hotelling (1933).  It is an orthogonal transformation of data in which 
the principal component of the data is the one responsible for most of the variance in the 
dataset.   Often a cloud of data points is described when using PCA.  In this case we can 
imagine that the spectra are points in an n-dimensional cloud, and the first principal 
component is the longest of the vectors (Manceau et al. 2002).  The components 
determined by PCA are not reference spectra, they are vectors through an n-dimensional 
cloud of datapoints.   The second principal component is the longest vector orthogonal to 
the first one.   In the case of XANES data, PCA is used to query a set of sample spectra to 
see if they can be described (expressed) as a smaller number of basis spectra.  These basis 
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spectra are abstract components; they are not reference spectra.  The first principle 
component typically looks like a smoothed average of the queried XANES sample 
spectra, and the subsequent components (orthogonal to the first) don’t even look like 
XANES spectra.    
Target transformations can be used to identify references spectra that are good candidates 
for constituent parts of the abstract spectrum.  They are used by removing all the features 
of the reference spectra that are not present in the abstract spectrum and then judging the 
extent to which the reference spectra are modified by the subtraction (Manceau et al. 
2002).  The difference between the reference spectrum before and after these features 
have been removed can be evaluated objectively following the SPOIL method of 
Malinowsky (1978).  This method quantifies changes in the fit error when abstract 
spectra are replaced by a references spectrum.  The reference spectra can then be chosen 
based on their SPOIL numbers where lower numbers (smaller fit error) are better.  
Malinowski’s indicator function (1977) is often used as a guide to the number of 
reference spectra to be used in fitting.  
Principle component analysis is useful for data compression, description, and 
visualization (Marcus and Lam 2014).  It has been used successfully to limit the number 
of reference spectra allowed in LCF fits (Ressler et al 2000).  Its use for this purpose 
requires that the system from which the samples spectra comes is well understood.   
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Section 3: Novel applications of statistical methods:   
Correlation-distance hierarchical clustering is statistical tool that is often used for 
pattern recognition and data mining.  For the archived tills (Chapter 2) and the 
anaerobically preserved samples (Chapter 3) correlation distance Dx,y was calculated 
between all pairs of spectra where  𝑥fB  is normalized fluorescence of the sample spectrum 
at incident energy i, 𝑥f	is the mean of the normalized fluorescence for the first spectrum, 𝑦fB 	is the normalized fluorescence of the second spectrum at incident energy i, and 𝑦f is 
the mean of the normalized fluorescence of the second spectrum:   
(Equation 5) 
		𝐷E,G 	= 	1	 −	 		 𝑥fB − 𝑥f 		 𝑦fB − 𝑦fbBc^𝑥fB − 𝑥f &bBc^ 𝑦fB − 𝑦f &bBc^  
Correlation-distance fitting is relatively insensitive to scaling (D’haeseleer 2005) because 
of the centering in the numerator.  All the spectra are compared two at a time and the 
mean is subtracted from each data point in each spectrum, so spectra with peaks in phase 
with each other correlate well and have a smaller correlation distance than peaks that are 
out of phase (Figure 2).   This makes correlation-distance fitting useful for comparing the 
raw spectra among themselves (database independent) but not very good for evaluating 
composition (Friedman and Alm 2012).  
 
Using correlation distance we were able to quantify the similarities among the spectra 
themselves without reference to their fits with reference spectra.  It is a database-
independent method of comparing spectra and of all the methods used involves the least 
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interpretation.  Linear-combination fitting requires that a database be chosen and cosine-
distance clustering uses the results from linear-combination fitting.   
 In most cases, the sample spectra resembled other sample spectra more closely than they 
resembled any of the reference spectra.  This is consistent with particles that are 
weathering.   It would have been very surprising if the spectra had closely resembled 
those of lab-synthesized standards or reference materials from the Smithsonian.    
The As XANES spectra did not cluster by stratum, rather they clustered together in a way 
that was consistent with the proportions of different As species present in the particles as 
indicated by the linear least-squares fitting.  The sampling for point XANES was non-
random and skewed towards denser particles (Chapter 2 Section 3.7).   The As XANES 
correlation distance hierarchical clustering data were interpreted as showing stages of 
convergent weathering from a reduced As sulfide end-member to an As(V) end-member 
that was present to some degree in all the sampled strata. 
Fe XANES sample spectra clustered by strata in all three of the archived core data sets 
(Chapter 2 Figures 5.a-f) and in the anaerobic core data set (Chapter 3 Figures 7 and 8) 
although it was much weaker in the Fe XANES from core UMRB2 (archived till) than in 
the other three cores. Fe XANES spectra were collected only where Fe was co-located 
with As, because the samples contain approximately104 times more Fe than As. The 
stratum-specific clustering seen in Fe XANES is interpreted as reflecting the Fe parent 
material with which the As interacts.   
The initial impetus for using correlation distance was to look at “chemistry agnostic” 
differences between the spectra, because I wanted to know how consistently I was 
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calibrating and normalizing my data.  At the time I was curious about the difference 
between samples that I had measured on different days.   I thought this would be a good 
way to be sure that all the data collected on a particular day didn’t group together because 
of an artifact of my processing.    I didn’t find any obvious indication of an artifact effect, 
but most of the spectra from a stratum of a core are measured during the same beamtime.   
I typically got through one core (3 or 4 strata per core) or fewer during a single 
beamtime, using the same initial calibration.  
That the As data showed no clustering by stratum tends to support the idea that artifacts 
were less important than chemical differences in the samples but I don’t think they could 
be said to prove that.   The correlation distance data turned out to be useful and 
illustrative, but not for the reason I had initially intended.   
 
Cosine-distance hierarchical clustering is frequently used to analyze similarity in 
compositional data because it can accommodate a large number of components without 
introducing scaling artifacts (Friedrich and Alm 2012).  It is a popular method used to 
illustrate patterns of gene expression within a group of organisms (Eisen et al 1998) and 
is also a common method used in data mining to evaluate document similarity and for 
name disambiguation in search engines.   
Equation 6: 
𝐶𝑜𝑠𝑖𝑛𝑒	𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒	 = 	1	 −	 	𝑢B	gBc^ 𝑣B𝑢B&gBc^ 𝑣B&gBc^  
where 𝑢B	and 𝑣B  are the fractional contribution of each broad group at m spots.    
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This can be used to make a heat map by placing two dendrograms normal to each other, 
clustering the data in two dimensions.  A heat map is a graphical approach that displays 
the hierarchy of a matrix using colors.  (Wilkinson and Friendly 2008). 
The fractions of broader species categories for the co-located Fe and As XANES point 
spectra were used to generate a heat map and cosine-distance dendrograms to illustrate 
the relationship between As and Fe among the individual points and to identify 
populations of point types within the samples from both the archived cores (Chapter 2 
Figures 6.a-c) and the anaerobically preserved core (Chapter 3 Figure 9).   
 
 Heat maps made in this way can be seen in Chapter 2 Figures 6.a-c and in Chapter 3 
Figure 9.   The horizontal dendrogram quantifies the similarity among the fit composition 
of the sample spectra according to cosine distance, where in the horizontal u	and v are the 
fractional contribution of each broad group at m spots.  In the vertical dendrogram u and 
v are the fractional contribution of each spot to m broad groups.  This quantifies the co-
occurrence of the broad reference categories among the spots.   
Tables showing all the reference spectra used, correct citation for each reference and the 
broader category to which the reference was assigned can be found in Appendix 2.   
Cosine-distance hierarchical clustering was applied to the database-dependent LCF 
results for both As and Fe speciation.  It is the most interpreted analysis in the study and 
it relies on several assumptions but the most significant are: 
1) It uses LCF fitting data which limits the fits to references within the database. 
2) It normalizes the fits to those references to 100%. 
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3) It only addresses Fe that is co-located with As, and removes from consideration 
Fe primary silicates (minerals that form from melts were excluded). 
 
Important differences between the correlation-distance clustering and cosine-distance 
clustering. 
Correlation-distance clustering was used on the spectra themselves, and treats them as 
squiggly lines.  It can compare two squiggly lines at different scales by centering the data 
(Figure 3).  The 𝑥AB − 𝑥A  terms are subtracting the average from each point. It would be 
inappropriate to use a centering method like correlation-distance fitting on the 
composition from the linear combination fitting, because those data have already been 
centered by being set to 100% in the LCF.   By this method any two-component mixture 
is constrained on a line (Figure 4); any three-component mixture is constrained on a 
plane; a four component mixture is constrained on a volume, and five or more 
components are constrained on different hyperplanes. 
  
Section 4:  Examining Linear Least squares fitting subset selection methods:   In this 
study I used linear combination fitting (Section 2) for balancing goodness of fit with 
sparse solutions.   The single-reference solution with the lowest NSS was identified, and 
the two-sample solution with the lowest NSS was identified and compared with the 
lowest single-spectrum NSS.  If the NSS of the two-sample spectrum was a 10% or more 
improvement (reduction) in NSS then that solution supplanted the single-reference 
solution.  If the three-reference solution with the lowest NSS was a better than 10% 
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improvement over the two-solution fit then the three-reference solution superseded the 
two-reference solution.  Using this method I did not allow solutions with more than three 
references.    Both the 10.3.2 software and mrfitty.py solve for all the 1, 2, and 3 reference 
non-negative solutions and then report them in order of smallest NSS.  
 
I was curious about other ways to limit the set size and tried a LLS variant called the 
LASSO (Tibshirani 1996) which seeks sparse solutions by punishing solutions that 
contain a large number of references.  Essentially a penalty is imposed for every 
additional component, so as the set grows larger the bar is raised higher. The user can run 
mrfitty either following the 10% NSS improvement method or using the LASSO.  The 
surprise in running with the LASSO is that while it gave mathematically sparse solutions, 
they often had 6-9 components.   Nine iron references out of a reference set of 68 iron 
reference spectra are a sparse set to a statistician.  These solutions did not agree well with 
the error of the measurements or with the physical realities of the glacial sediments.  
I am curious about other methods of subset selection.  From a mathematical perspective, 
one that I think might be very good is called cross validation.  It works by randomly 
removing a fraction of datapoints, fitting a solution to the remaining data (via LSS or 
another method).  The goodness of fit would then be evaluated by the RSS of the held-out 
datapoints (James et al 2014).   
From the mineralogy point-of-view, another method that would be interesting to pursue 
would be one that would penalize solutions that contain very similar references.  In 
practice, this doesn’t happen very often with the current method, especially when the 
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quality of the measured sample spectrum is high.  By high quality I mean lots of counts 
so that the noise tends to average itself out of the spectrum.   By this metric, the Fe 
spectra in this study are high quality and the As spectra are of low quality; a lot of noise 
persists in the As sample spectra.  “First-cousin fits”, where two of the references in a 
solution are very similar, occurred fairly frequently in the arsenic fits and very 
infrequently in the Fe fits.   One way to limit fits with similar references would be to 
punish the addition of a similar second reference.  Similarity could be assigned based on 
chemistry, for example by grouping together Fe oxyhydroxides.  It could also be assigned 
arbitrarily by not permitting the addition of a component that was within a certain 
correlation distance of a component already included in the fit.   
 
Section 5:  Applying Cosine-distance hierarchical clustering to dissolution chemistry 
data 
We had a large dataset of dissolution chemistry from the USGS analysis of the different 
till samples.  So far I had only made use of the arsenic, iron and sulfur data from the 
archived cores and from CYR-1.  We also had dissolution chemistry from 10 cores 
collected in southern Minnesota during the winter of 2010 as part of the Minnesota 
Geological Survey Southern County Atlas project.  These cores were collected for 
County Atlases of Nicollet, Sibley, and Blue-Earth Counties.  Our intention was to also 
do spectroscopy on samples from these cores, but they thawed in a freezer failure the 
summer after they were collected.  Aliquots for wet chemistry had already been sent 
away for analysis and when the data came back they were effectively orphaned, because 
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we didn’t have well-preserved core samples to which we could attach them.  In 
examining these data Laurel Woodruff (USGS) had found a weak correlation between Fe 
and S using a logarithmic transform.   
I was curious about whether different named till groups could be identified using cosine-
distance clustering on the dissolution chemistry.  The method is intended for 
compositional data like these.   So far this has not been successful.   First I tried all the 
samples of named tills (I did not include unnamed till samples, lacustrine samples or 
stream sediment) and all the measured chemical concentrations, then I tried all the named 
tills and all the major elements, then all the named tills and all the trace elements.  No 
patterns emerged that seemed related to the different till groups.  Then I limited the till 
samples to the “unaltered” tills to remove samples that had signs of weathering.  No 
patterns emerged that seemed related to the different till groups, or to the general flow 
path of the Des Moines lobe where the tills were deposited.  
The way tills are identified is through the lithic composition of the coarse-sand size 
fraction, and we had dissolution chemistry on the matrix, having removed the pebble and 
sand size fraction.  So it may be that the relationship between the lithic composition and 
the fine-grained matrix sediments of the tills is not very strong.  The composition of the 
till matrix can be diluted with different amounts of sand (quartz dilution) but because the 
method relates the relative proportions of different components that should not have 
mattered.  I have not resolved this to my satisfaction.   
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Figure 22 Example of linear combination fit (LCF) of an experimental As XANES 
spectrum, with three reference spectra. 
The blue line is the normalized experimental spectrum, the three references have been 
combined to produce the 3-component best fit (dashed green line).  The red line is the 
residual, which is the part of the sample spectrum left unaccounted for by the 3 
component fit.   
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Figure 23  Example showing how correlation distance approaches zero when spectra are 
in phase and approaches one when spectra are out of phase. 
At point 1 we see that both spectrum x and spectrum y are below their average, each term 
in the numerator is negative, so correlation is positive and correlation distance is small 
(closer to zero).  At point 2 we see that spectrum x is above its average while spectrum y 
is below its average, so correlation is negative, and correlation distance is large (closer to 
one).  
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Figure 24 Cartoon illustrating effect of centering data for illustrating correlation 
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Figure 25 Cartoon showing the effect of normalizing 
compositional data to 100%. 
  138 
 
 
 
CHAPTER 5: CONCLUSIONS AND FUTURE DIRECTIONS 
 
This dissertation is predicated on the paradigm articulated by McMahon (2001) that 
hydrogeochemical gradients found at interfaces between different sediment types create 
active biogeochemical reaction zones.  
 
Model and its assumptions:  I used a thought experiment as a tool to predict what the 
effect of different processes acting on the solids would have on the water, and then 
compared the water chemistry of wells that were above and below the 10 µgL-1 US EPA 
MCL for arsenic.    This was a very simple model that said that: 
1) Oxidative dissolution of As-bearing sulfides would lead to elevated As, Fe and sulfate. 
2) Reductive desorption of As sorbed to oxides would lead to elevated As without 
elevated Fe or sulfate. 
3) Reductive dissolution of As co-precipitated with oxides would lead to elevated As and 
Fe without elevated sulfate.   
 
Within that model I could go through the wells near the cores that were above and below 
the MCL and then ask “Do the solids present in these sediments support the process 
suggested by the model”?   
The strong point of the model is that it allows for the formation of testable hypotheses.  
The weakest points of any model lie in its assumptions and this model is predicated on 
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the assumption that the water chemistry from single-time sampling of well water 
accurately reflects water chemistry in the minute pore-spaces of the sediment water-
interface.  We know this assumption to be false. 
 
Chapter Two is a study of solid-phase As speciation on archived tills from cores collected 
in Grant, Pope, Stevens and Ottertail counties in western Minnesota.   Chapter Three is a 
study of solid-phase As speciation on glacial sediments from Clay County, Minnesota, 
preserved anaerobically at the time the core was collected.  All the cores are within the 
footprint of the Des Moines Lobe but there are geologic, land-use, and well-distribution 
differences between locations of the archived cores and the fresh core.  The area of the 
archived cores is mostly farmland, and the domestic wells tend to lie along the grid of 
sections as demarcated by the 1831 US Land Survey, as do the roads.  The area near 
CYR-1 has fewer farms and more wetland and marginal land.  Near CYR-1 the roads 
follow the topography and there are dispersed houses with private wells, as well as 
clusters of houses with private wells in unincorporated settlements (Chapter 3 Figure 1).   
This distribution did not lend itself well to the 10km buffer method because there were 
few wells within 10km of core CYR-1, but it has the potential to allow closer 
examination of dense clusters of wells with As concentrations above and below 10µgL-1.  
These clusters are not close to any existing or currently planned stratigraphic core.   
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This dissertation project is rooted in earlier work by Welch, that identified the glacial 
strata as the source of arsenic to groundwater and in the work of Erickson and Barnes 
that identified the tills as the solid-phase As reservoir and the aquifer-aquitard interface.   
 
What I have found is that they were right.  As bearing sulfide mineral in the tills appear 
to be the parent material, and reducing conditions can liberate As(V) sorbed to 
Fe(oxyhydr)oxides to waters.  Over time I think what is happening is: the oxidative 
dissolution of As-bearing sulfides liberates As to waters and where this oxidative 
dissolution is incongruent some As is retained on the Fe(oxyhydr)oxide weathering 
product as sorbed and co-precipitated As.  Arsenic sorbed to and co-precipitated with the 
oxidative weathering products can later be released by reducing conditions.  The 
surprising discovery of my work is that both of these processes: the oxidation of As in 
sulfides and reduction of sorbed and co-precipitated As(V), appear to be occurring very 
close in time, very close in space, or both.    I think the most interesting new direction 
that this work could take next is exploring the extent to which this may be reversible, in 
that low temperature and pressure reducing conditions with high As and high sulfate may 
lead to the precipitation of microcrystalline and cryptocrystalline daughter products.   
 
This is not the dissertation I imagined writing in 2010.  I expected to have identified a 
single, well-defined solid-phase source of arsenic and a single mechanism releasing it to 
waters.  I thought I would have completed that part, and that I’d be moving into a 
regional predictive model by 2013, and I hoped to have it all wrapped up by 2014.   
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It is my hope that my work can be used to inform arsenic release and mitigation strategies 
for local governments, and guidelines for well drillers.   For now, the best advice is still 
based on the 2005 work of Erickson and Barnes: wells with longer screens, farther from 
the confining layer, are less likely to have elevated As. 
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APPENDIX 1: SEQUENTIAL EXTRACTIONS ON ARCHIVED TILL SAMPLES 
 
Synopsis  An aliquot of each of 7 samples of the archived tills (Chapter 2 Tables 2,3, and 
4 ) was put through a sequential extraction of arsenic as an operational measurement of 
speciation within the context of plausible groundwater conditions in Minnesota. 
 
1. Motivation 
Sequential extractions are a wet-chemical method used to quantify speciation of a sample 
operationally.   A single aliquot of a sample is reacted with a series of chemical reagents.  
Each reagent is intended to liberate an operational species of arsenic.  An example of an 
operational species is “strongly sorbed arsenic”.  Phosphate is a competing anion with 
arsenate and arsenite for sorption sites on iron oxides (e.g. ligand exchange with ortho-
phosphate) (Banerjee et al. 2008; Gao et al. 2011).   The amount of arsenic liberated to 
solution by reaction with phosphate is the “strongly sorbed arsenic” fraction.  At the end 
of a sequential extraction the sum of the extracted arsenic from all the extractions is 
compared with the total concentration of arsenic in the sample (measured separately).  If 
the protocol included every type of arsenic and the procedure were done perfectly, the 
sum of the As in the extractants would equal the total concentration of the sample.   
 
Advantages of sequential extraction are that a single aliquot of sample is used, so a small 
amount of sample is needed, and because the same sample is used there is less danger 
that splits of a sample may contain different amounts of the different types of As.  A 
denser mineral (like As-pyrite) could end up more concentrated in some splits if careful 
  156 
protocols are not followed.  Disadvantages of sequential extraction are that some As 
species may be mobile outside their targeted reagent, and any sample loss in the repeated 
process of extracting, centrifuging, decanting, washing, centrifuging and decanting will 
be propagated through the rest of the extraction.   If the operator drops a sample or a tube 
breaks then the entire extraction has to be re-done, it is not possible to repeat just that 
step.  To minimize the risk from sample loss the samples were extracted in duplicate.  
 
There are also non-sequential extraction methods, called parallel extractions, in which 
separate aliquots of the same sample are extracted once, with one reagent each.   Parallel 
extractions share with sequential extractions the disadvantage that some As species may 
be mobilized outside the targeted reagent.   The sum of a parallel extraction usually 
exceeds the total As concentration of the sample.  An advantage of a non-sequential 
extraction is that sample loss through handling error is not propagated, and a single 
extraction can be repeated if a sample is lost.   Irregular splits are a greater danger for a 
non-sequential extraction, and much more sample is required.   For this study, for most 
samples around 100 g of clean, unground sample was available after removing material 
that had been in contact with the drilling apparatus.  This is roughly 250 times as much 
sample as was used in the extraction, 0.4 g.   In most cases enough material was available 
to do a parallel extraction.  However, to limit the danger of metal contamination of the 
sample, each aliquot for extraction (and for X-ray Absorption Spectroscopy) was ground 
to 150 µm by hand using ceramic, agate and corundum mortars.  It would have been 
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extremely difficult to process enough sample for a parallel extraction using these 
methods.   
2. Methods 
An As sequential extraction method modified from Keon et al. 2001 was used for the 
archived tills (see Table A.1.1).   For safety reasons the Keon et al. methods were 
modified by substituting a sodium dithionite and citrate solution (U.S. Natural Resources 
Conservation Service, 2004) for  the titanium(III)-citrate and EDTA-bicarbonate” step as 
a strong reducing agent to liberate the operational species “As co-precipitated in 
amorphous Fe oxyhydroxides”.    The Keon et al.  hydrofluoric acid step was removed 
entirely, without substitution, both for safety reasons and because As bound in silicate 
minerals is unlikely to be labile to natural waters.  Their methods were further modified 
in that the samples were centrifuged longer but at slower speed, and I used a dilute NaCl 
solution instead of water to clear persistent suspended flocs in the post-MgCl2 water 
washes.   
Samples were prepared as described in Chapter 2 (Chapter 2, 3.4 Sample Processing).  
Outer parts of the core that had been in contact with the core barrel and drilling water 
were removed from the core and retained separately.  In the case of aquifer materials that 
did not retain a regular shape, the portion for processing was collected from the 
innermost part in the core bag. The inner portion of the core was disaggregated in a 
ceramic mortar and pestle, and sieved to remove pebbles greater than 2 mm. The > 2 mm 
pebble fraction was retained separately.  The < 2 mm fraction was then split and an 
aliquot of the sample (~ 50 g) was ground to < 150 µm using a corundum mortar and 
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pestle.   The remaining split of the < 2 mm fraction was retained separately and 
subsequent splits of this < 2 mm fraction were subjected to sediment dissolution 
chemistry.  The < 150 µm fraction was split into aliquots for dissolution chemistry, 
sequential extraction, and X-ray absorption spectroscopy.    
Ground samples were weighed into 45 ml acid-washed Teflon centrifuge tubes.   
Attempts to use falcon tubes failed because the tubes did not survive centrifugation.  
Attempts to use LDPE centrifuge tubes failed because the snap-on lids snapped off in the 
vacuum of the airlock.   
 
All glass, plastic, and Teflon was acid washed in 10% HNO3.  No metal was used.  
Reagents were introduced into the Teflon vials using serological pipettes. 
 
All extractions were performed at room temperature except for EPA 3050B which was 
done at 95°C.  Steps through the dithionite were undertaken in a Coy H2N2 anaerobic 
chamber with palladium-oxide O2 scavenging plates mounted on recirculating fan boxes.    
The dithionite (strong reducing agent) was pipetted into the sample tubes in the glove box 
and then the samples were passed out of the anaerobic chamber and the dithionite tumble-
shaking and all subsequent steps were done in ambient air.  In general steps followed 
each other immediately with no down time, but during the interval between the room-
temperature HNO3 and the hot HNO3 the sealed Teflon tubes were held overnight in the 
refrigerator. 
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Reagents for the anaerobic steps were mixed in the anaerobic chamber using N2 sparged 
MilliQ water.  Pre-weighed water for each reagent was sparged using an acid-washed 
sparging jig in pyrex autoclave bottles.  Reagents were pre-weighed in small autoclave 
bottles, passed into the glove bag, uncapped and allowed to equilibrate with the H2N2 
atmosphere.  
Twenty-six samples and two blanks were extracted.  Samples were 0.4 g of ground 
glacial sediment weighed and processed (shaken, centrifuged, decanted) in 40 mL of 
extractant solution as described above.  The blanks contained no sample, these were 
Teflon tubes identical to those containing the sample, filled, shaken, centrifuged and 
decanted along with the sample-bearing tubes.  Twelve of the samples run were 
duplicates of OTT3_73.  A large volume of OTT3_73 was ground and homogenized to 
be used as a standard for several extractions.   Six other samples were run in duplicate.  
One each of the OTT3_73, OTT3_74 and UMRB2_175 samples were dropped, burst, or 
otherwise lost during the extraction.   
Extracted solutions were analyzed via ICP-MS in the Aqueous Geochemistry Laboratory 
by Rick Knurr, Department of Earth Sciences, University of Minnesota-Twin Cities, on a 
Thermo Scientific  XSERIES 2  ICP-MS w/ ESI PC3 Peltier cooled spray chamber, SC-
FAST injection loop, and SC-4 autosampler.  Samples were diluted appropriately and 20 
ppb of Y internal standard was added.  All elements except Li, B, P were analyzed using 
He/H2 collision-reaction mode. 
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3. Results   
3.1 Proportions of As operational species as measured by sequential extraction   
Table A.1.2 is a summary table showing the mean As concentration of each sample with 
each extractant solution.   The 16 complete tables of all results from these extractions are 
appended as excel files with this document for the committee, and at the time of 
submission to the graduate school will be added to the UMN data depository.   These 
tables are: 
Nicholas seq extr  MgCl2 (1) - trace stnd add – 010312 
Nicholas seq extr MgCl2 (2) - trace stnd add – 010312 
Nicholas seq extr MgCl2 (ww) - trace stnd add – 010312 
Nicholas seq extr HCl(1) - trace stnd add – 122911 
Nicholas seq extr HCl(ww) - trace stnd add – 122911 
Nicholas seq extr NaH2PHO4(1) - trace stnd add – 122911 
Nicholas seq extr NaH2PHO4(2) - trace stnd add – 122911 
Nicholas seq extr NaH2PHO4(ww) - trace stnd add – 122911 
Nicholas seq extr oxalate oxalic acid - trace stnd add – 123011 
Nicholas seq extr  oxalate oxalic acid (ww) - trace stnd add – 123011 
Nicholas seq extr - NaDithionate citrate - trace stnd add – 123011 
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Nicholas seq extr NaDithionate citrate (ww) - trace stnd add – 123011 
Nicholas seq extr HNO3 (1) - trace stnd add – 123011 
Nicholas seq extr HNO3 (2) - trace stnd add – 123011 
Nicholas seq extr - HNO3 (ww) - trace stnd add – 010312 
Nicholas seq extr EPA 3050B - trace stnd add - 122911 
 
Figures A.1.1-7 have the same axes so that differences in overall concentration of As in 
the samples can be seen as well as relative abundance of different operationally defined 
As species.  Relative proportions of As liberated in in the extracted solutions are similar 
among most of the samples. In general, the largest amount of As released in the samples 
came from the room temperature nitric acid extractions, followed by nearly equal 
amounts of As released by the HCl and EPA 3060B (hot nitric acid) steps.  Arsenic 
displaced by phosphate anion competition (strongly sorbed As) tended to make a more 
significant contribution in till samples than in outwash samples.  Two of the three glacial 
aquifer samples (OTT3_73 and OTT3_75) had a more significant contribution of As from 
the ammonium oxalate step (As co-precipitated with amorphous Fe oxyhydroxides) than 
did till samples.  The dithionite extraction liberated the least As in all samples.  Arsenic 
displaced by MgCl2 was proportionate (~ 10 %) to the overall As concentration in all 
samples.  Arsenic concentration of the process blanks was low (Table A.1.1). 
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Some of the water washes had higher As concentrations than were measured in the 
extractant solutions.  Arsenic concentrations in the phosphate water wash and the room 
temperature nitric acid water wash were often higher than the second extraction of the 
reagent.  The As concentrations of the dithionite water wash were as high or higher than 
that of the extractant.   
 
3.2 Comparison of As concentration as measured by sequential extraction with As 
concentration determined by sediment dissolution 
Table A.1.4 is a comparison of the total As concentration in the samples as measured by 
the sum of the As liberated by sequential extraction, As as measured by hydride 
generation atomic absorption (HG-AA) at the USGS contract lab, As measured by 4 acid 
digestion and ICP-MS at the USGS contract lab, and As measured by acid digestion at 
the UMN Earth Sciences ICP-MS lab (Rick Knurr).   
Total As concentrations from the sequential extractions were higher than the total 
concentrations of arsenic measured by USGS or by UMN.  This difference is particularly 
striking in OTT3_73, the working standard.  Eleven separate aliquots of < 150 µm 
OTT3_73 were extracted and analyzed by ICP-MS at UMN (n=11, stdev=1.1).  Three 
separate aliquots of < 150 µm OTT3-73 were digested and analyzed by ICP-MS at UMN 
(n=3, stdev=0.32), and one aliquot of < 2 mm OTT3-73 was digested and analyzed using 
HG-AA and ICP-MS at the USGS contract lab. 
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3.3 Comparison of As speciation as measured by sequential extraction with As 
speciation measured via As speciation mapping 
There are As speciation maps for two of the extracted samples: OTT3-73 (glacial stream 
sediment, aquifer) and OTT3-74 (contact till, aquitard).  Figures A.1.8 and 9 and Figures 
A.1.10 and 11 show the fractions of operationally defined As based on the sequential 
extraction and the As species measured directly via XAS As speciation mapping.  Colors 
were chosen to match groups where the direct measurement speciation and operational 
speciation would tend to agree.  The HCl extraction step was not matched to a direct 
measurement because it is designed to target many operational categories of As: As co-
precipitated with acid volatile sulfides, carbonates, manganese oxides, and very 
amorphous Fe oxyhydroxides (Keon et al. 2001). 
 
In both OTT3_73 and OTT3_74, the As(III) fraction as defined by As speciation 
mapping is larger than the operationally defined ionically bound As (As liberated by 
MgCl2).  As-sulfide as defined by As speciation mapping is approximately the same 
fraction as the combined As liberated by HNO3 and EPA3050b in OTT3_73.  The 
combined HNO3 and EPA3050b fraction is somewhat less than the As sulfide fraction as 
defined by As speciation mapping in OTT3_74.   In both OTT3_73 and OTT3_74 the 
combined phosphate, ammonium oxalate, and citrate-dithionite labile fraction is very 
close to the fraction of As(V) as defined by As speciation mapping. 
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4. Discussion 
The source of the difference in measured As concentration between the sum of the 
sequential extraction and the 4-acid sediment dissolution by the USGS and UMN labs is 
difficult to diagnose.  Arsenic concentrations in blanks was low (Table A.1.2), so reagent 
contamination does not appear to be the cause of the difference between the extraction 
concentrations and the sediment dissolution concentrations.  We would expect that a 
sequential extraction would have less total As than a complete digestion because of the 
potential for loss of As in the process of reacting and decanting in 16 different solutions.   
Reagent carryover in the sediment pellet could cause double counting of a small amount 
of As at each step within the series.  This potential carryover could be calculated by 
estimating the porewater volume of the sediment pellet. 
 
The difference is greatest between the sequential extractions and the USGS lab numbers 
(Table A.1.2).  The simplest explanation for this is that the sequential extractions and the 
UMN ICP-MS samples were run on < 150 µm ground samples, the USGS lab worked on 
the < 2 mm size fraction.  It is possible that some As was protected from the 4-acid 
digestion within large grains.   The difference between the USGS and sequential 
extraction numbers is greatest on two of the outwash samples OTT3_73 and OTT3_75.  
Samples for sequential extraction and the UMN digestion were homogenized by rolling 
on paper before aliquots were split.  The < 2 mm fraction for USGS was also 
homogenized by rolling and then split but the entire sample was not used.  Small-mass 
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samples of homogenized coarse material have a greater potential to be different from 
each other than the same mass samples of homogenized finely ground material.   
 
The final step of the sequential extractions is EPA 3050B, a day-long refluxing digestion 
in hot peroxide and nitric acid.  If we subtract the As extracted in 3050B from the sum of 
the sequential extractions then the total As concentration from the sequential extraction is 
closer to the UMN digestion numbers.  Both the USGS method (Taggart; Briggs and 
Meier 2002) and the UMN digestion include a hot nitric acid step but the quantity of 
nitric acid is low and the length of the digestion in shorter (minutes rather than hours).  
The USGS and UMN digestion both include a hydrofluoric acid step which was excluded 
from the sequential extraction method.   
 
Concentrations were more similar between the USGS and UMN digestion results but the 
UMN results were higher overall, and closer to the concentrations from the summed 
sequential extractions.   
 
Analytical Challenges 
Originally it was intended that that the sequential extractions would be a high-throughput 
method for looking at As speciation in the samples, and that we would select samples for 
spectroscopy based on results of sequential extractions.  A new atomic absorption 
spectrometer with a hydride-generator inlet was purchased for these analyses.  However, 
we could not get replicable measurements over the course of a two-hour run with the inlet 
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as it was installed by the manufacturer.  Absorption peaks flattened, delayed and 
extended past the analytical window of the instrument after the first few standards had 
been run.  This was because liquid sample was getting into the inlet downstream of the 
gas-liquid separator.   The reaction vessel of the gas-liquid separator was not always able 
to contain droplets produced by the reaction and these were carried into the inlet.  Ed 
Nater advised and showed me how to build a deeper, narrower gas-liquid separator out of 
Teflon parts.  After building the Ed model and adjusting the sample timing for the 
different volume the problem occurred less frequently.  Chilling the NaBH4 reductant and 
the HCl carrier to 4° C also lowered the incidence of droplets entering the gas-inlet line 
and improved results somewhat but over the course of a run caused leaking in the 
switching valve, because of thermal contraction of the fitted parts and O-rings. Somewhat 
better results (fewer droplets but no leaking) were achieved by chilling the NaBH4 but 
leaving the HCl at room T, but we could not get consistent results on standards over the 
course of a run. 
 
Only after Toner lab technician Michael Ottman worked on the AA for several weeks and 
installed an inline sample drier could we get replicable results for the course of a run.   
During this we also discovered that several of the sequential extraction reagents had 
matrix incompatibilities with the hydride generator.  Some of the extractants could not be 
pre-reduced using the method of the manufacturer (no reaction occurred) and others 
produced a precipitate that could not be run through the instrument.   
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During the struggle with the AA, which carried on over a period of months, XAS 
spectroscopy moved forward on the samples using sediment dissolution chemistry results 
(Chapter 2 Tables 2,3,4, Chapter 3 Table 1) to inform sample selection.   
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Table 19 Glacial sediment sequential extraction samples.  
 
  Sample 
Name 
Sample 
Description 
Depth 
(m) 
aAs 
mg/kg 
bFe 
% 
bS 
% Fe/S 
OTT3-73 outwash sand and gravel (aquifer) 22.3 3.9 1.83 0.43 4 
OTT3-74 
Upper Goose 
Formation contact 
till (aquitard) 
22.6 7.8 2.79 0.44 6 
OTT3-75 outwash sand and gravel (aquifer) 22.9 3.1 1.31 0.21 6 
OTT3-184 James River till (aquitard) 56.1 7.9 1.98 0.59 3 
TG3-149 Gervaise formation till (aquitard) 45.4 8.4 2.87 0.53 5 
UMRB2-175 sand and gravel  (aquifer) 53.3 6.6 1.7 0.55 3 
UMRB2-176 unnamed till (aquitard) 53.6 7.8 1.88 0.52 4 
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Table 20 Sequential extraction procedure 
Target Operational 
Species 
Reagent Extraction Procedure 
Ionically bound 
arsenic (salts) 
2M MgCl2 In H2N2 anaerobic chamber 
1)Tumble-shake 2 hours, centrifugea, decant 
2) Tumble-shake 2 hours, centrifugea, decant 
3) MilliQ water washb 
Strongly adsorbed 
As 
0.1 M 
NaH2PO4  
In H2N2 anaerobic chamber 
1) Tumble-shake 16 hours, centrifugea, decant 
2) Tumble-shake 24 hours, centrifugea, decant 
3)0.1% NaCl washb 
Arsenic co-
precipitated with 
acid volatile 
sulfides,  carbonates, 
manganese oxides, 
and very poorly 
crystaline Fe 
oxyhydroxides 
1N HCl In H2N2 anaerobic chamber 
1) Tumble-shake 1 hour, centrifugea, decant 
2) 0.1% NaCl washb 
Arsenic co-
precipitated with 
poorly crystaline Fe 
oxyhydroxides 
 
0.2 M 
ammonium 
oxalate/oxalic 
acid, pH 3 
In H2N2 anaerobic chamber 
Dark extraction (tubes covered in foil) 
1) Tumble-shake 2 hours, centrifugea, decant 
2) 0.1% NaCl washb 
As co-precipitated 
with  crystalline  
Fe oxyhydroxides. 
 
sodium 
dithionate, 
sodium 
citrate 
In fume hood 
1) Tumble-shake overnight, centrifugea, 
decant 
2) 0.1% NaCl washb 
Arsenic co-
precipitated with 
pyrite and 
amorphous As2S3 
 
16N HNO3  In fume hood 
1)Tumble-shake 2 hours, centrifugea, decant 
2)Tumble-shake 2 hours, centrifugea, decant 
3) 0.1% NaCl washb 
Orpiment and 
remaining 
recalcitrant As 
minerals 
 
Hot 
30% H2O2 
16N HNO3   
In wash-down fume hood (Yoo lab) EPA 
method 3050 B: hot hydrogen peroxide and 
nitric acid.  Samples are digested with 
alternating hydrogen peroxide and nitric acid 
at 95°C and refluxed with watch-glass covers 
in glass test-tubes in a heater block  
a: samples were sealed tightly in their Teflon tubes and airlocked out of the glove bag for centrifugation.  
They were kept sealed through centrifugation, and passed back into the glove bag for decanting. 
b: Milli-Q water washes and 0.1% NaCl washes were 30 minutes of tumble-shaking followed by 
centrifugation and decanting. 
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Table 21  As concentration of extractants 
  
Reagent M
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n 
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T
T
3-
73
 st
an
da
rd
 (1
1)
 
ou
tw
as
h 
st
an
da
rd
 d
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 (2
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(2
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n 
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al
 1
3 
B
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M
ea
n 
vi
al
 1
4 
B
la
nk
 
As extracted 
in 
MgCl2(1)µg/k
g 438 46 533 323 605 433 592 678 1.2 1.5 
 As in  MgCl2 
[2]µg/kg 263 70 331 243 296 151 347 286 1.47 1.31 
As  in MgCl2 
wash µg/kg 17 4 22 11 14 19 25 35 0.0 0.0 
sum of As 
extracted in 
MgCl2 µg/kg 718 98 886 577 916 602 964 999 2.7 2.8 
 As in 
NaH2PO4 
(16hr) µg/kg 788 73 201 456 1090 848 981 1380 0.7 0.6 
 As in 
NaH2PO4 
(24hr) µg/kg 176 17 206 133 223 175 199 263 0.7 0.8 
As extracted 
in H2PO4 
wash µg/kg 249 52   148 87 123 192 333 0.2 0.9 
sum of As 
extracted in 
NaH2PO4 
µg/kg 1213 108 407 736 1400 1146 1372 1976 1.6 2.3 
As in  HCl 
µg/kg 1421 199 1776 1033 1858 1406 1875 1944 1.9 1.5 
 As in HCl 
wash µg/kg 93 10 115 73 92 81 90 195 0.0 0.0 
sum of As 
extracted in 
HCl µg/kg 1514 204 1890 1106 1950 1487 1965 2139 1.9 1.6 
As in  Am/Ox 
µg/kg 930 103 1893 841 509 682 528 1244 0.4 0.3 
As extracted 
in oxalic acid 
wash µg/kg 357 46 456 364 294 338 313 472 1.6 1.7 
  171 
 
 
 
 
 
  
Reagent M
ea
n 
O
T
T
3-
73
 st
an
da
rd
 (1
1)
 
ou
tw
as
h 
st
an
da
rd
 d
ev
ia
tio
n 
M
ea
n 
O
T
T
3-
74
 c
on
ta
ct
 ti
ll 
M
ea
n 
O
T
T
3 
75
 (2
) o
ut
w
as
h 
M
ea
n 
O
T
T
3-
18
4 
(2
) t
ill
 
M
ea
n 
U
M
R
B
2-
17
5 
ou
tw
as
h 
M
ea
n 
U
M
R
B
2-
17
6 
(2
) c
on
ta
ct
 ti
ll 
M
ea
n 
T
G
3-
14
9 
(2
) t
ill
 
M
ea
n 
vi
al
 1
3 
B
la
nk
 
M
ea
n 
vi
al
 1
4 
B
la
nk
 
sum of As 
extracted in 
Am/Ox   
µg/kg 1287 123 2349 1205 803 1020 841 1716 2.0 2.0 
As Na citrate 
dithionite 
µg/kg 251 33 234 219 288 306 202 300 1.5 1.4 
As extracted 
in dithionite 
wash µg/kg 194 33 220 184 210 226 246 287 0.9 1.8 
sum of As 
extracted in 
citrate 
dithionite 
µg/kg 445 55 454 402 497 532 448 588 2.4 3.2 
As in  HNO3 
25C (1)µg/kg 972 285 1116 987 1997 1328 2135 1994 0.4 0.4 
 As in  
HNO3(2) 
µg/kg 253 51 425 273 466 312 454 402 0.3 0.3 
 As in HNO3 
(wash) µg/kg 270 59 419 194 485 227 581 485 0.1 0.0 
sum of As 
extracted in 
HNO3 µg/kg 1496 359 1960 1454 2948 1867 3171 2881 1 1 
As extracted 
with EPA 
3050B µg/kg 1319 163 2077 801 1749 1383 2026 2481 0.5 0.3 
sum of 
extracted 
arsenic ug/kg 7993 
111
0 10023 6282 10263 8038 10787 12779 11.8 13.0 
sum of 
extracted 
arsenic 
mg/kg 8.0 1.1 10.0 6.3 10.3 8.0 10.8 12.8 0.01 0.01 
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Table 22 
 
 
Comparison of the total As concentration in the samples as measured by the sum of the 
As liberated by sequential extraction, As measured via hydride generation atomic 
absorption (HG-AA) at the USGS contract lab, As measured via 4 acid digestion and 
ICP-MS at the USGS contract lab, and As measured via ICP-MS after acid digestion in 
the University of Minnesota Department of Earth Sciences Aqueous Geochemistry 
Laboratory. 
  
Sample Name 
(number of 
replicates)	
Glacial 
Sediment 
Type	
Sum of 
Sequential 
Extraction  
mg As/kg	
HG-AA 
from 
USGS  
mg As/kg	
ICP-MS 
from 
USGS  
mg As/kg	
ICP-MS 
UMN 
mg 
As/kg	
OTT3_73 
standard (11)	 outwash	 8.0	 3.9	 5	 6.3	
OTT3 74	 contact till	 10.0	 7.8	 9	 9.1	
OTT3 75 (2)	 outwash	 6.3	 3.1	 5	 3.7	
OTT3-184 (2)	 till	 10.3	 7.9	 8	 8.6	
UMRB2 - 175	 outwash	 8.0	 6.6	 6	 6.3	
UMRB2-176 (2)	 contact till	 10.8	 7.8	 7	 6.3	
TG3-149 (2)	 till	 12.8	 8.4	 10	 9.6	
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Figure 26  Results of sequential extraction OTT3-73 
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Figure 27Results of sequential extraction OTT3-74.  This sample was used as an internal 
standard and results here are the mean of 11 duplicate measurements. 
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Figure 28  Results of sequential extraction OTT3-75 
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Figure 29  Results of sequential extraction OTT3-184 
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Figure 30Results of sequential extraction TG3-149 
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Figure 31Results of sequential extraction UMRB2-175 
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Figure 32  Results of sequential extraction UMRB2-176 
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Figure 33As speciation of OTT3-73 as defined operationally by sequential extraction 
 
Figure 34As speciation of OTT3 73 based on As speciation mapping 
 
Colors were chosen to match groups where the direct measurement speciation and 
operational speciation would tend to agree.  The HCl extraction step was not matched to a 
direct measurement because it is designed to target many operational categories of As: As 
co-precipitated with acid volatile sulfides, carbonates, manganese oxides, and very 
amorphous Fe oxyhydroxides (Keon et al. 2001).  
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Figure 35  As speciation of OTT3-74 as defined operationally by sequential extraction 
 
Figure 36  As speciation of OTT3-74 based on As speciation mapping 
Colors were chosen to match groups where the direct measurement speciation and 
operational speciation would tend to agree.  The HCl extraction step was not matched to a 
direct measurement because it is designed to target many operational categories of As: As 
co-precipitated with acid volatile sulfides, carbonates, manganese oxides, and very 
amorphous Fe oxyhydroxides (Keon et al. 2001). 
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APPENDIX 2: MEEKER COUNTY CORE MS-6 ENRICHMENT EXPERIMENT 
Introduction:  Professor Toner and I had been interested in doing an enrichment 
experiment to look at microbially-mediated As release from the glacial sediments.  In an 
enrichment experiment an aliquot of a sample is introduced to media that is intended to 
encourage particular microbial metabolisms.  This is often the earliest microbial 
experiment done with a set of samples because it allows some important disprovable 
questions like:  are there microbial processes, as stimulated by experimental conditions, 
that change the form of As, S, or Fe?  
 
We had been interested in doing this for some time because of the spectroscopy and 
dissolution chemistry results from the archived tills (Chapter 2) and the Clay County 
studies (Chapter 3), but we had to wait for a suitable core or go drill one ourselves.  This 
is because the inoculation of microbes comes from the sample itself, so the microbes 
need to be: 
1) alive   
2) alone, which is to say uncontaminated with microbes from the surface.   
 
The ideal way to do this would be to bring the prepared media to the drilling site and to 
spoon the sample directly into the media using sterile technique.    
 
The Minnesota Geological Survey was planning on drilling several cores in Meeker 
County, which is an area with several high-As wells.  The area for the M6 core  (44.98, -
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94.64) was close to one, known, elevated-As well and three wells of similar depth for 
which we had no water chemistry data.  
 
Microbial metabolisms addressed:  The main solid phase sources of As to groundwater 
are arsenic sorbed to or co-precipitated with iron oxides, and As-bearing sulfides.  For the 
enrichment experiment we were interested in four metabolisms that could liberate As 
from solids to water:  Fe oxidizers, Fe reducers, sulfate reducers, and elemental sulfur 
oxidizers.   We did not attempt to address a direct arsenic metabolism.  
 
(1)  The Fe-oxidizer enrichment solution was Mohr’s salt (ammonium iron sulfate, 
(NH4)2Fe(SO4)2·6H2O) (modified from Emerson and Floyd 2005).   These reagents were 
prepared and samples were handled in an N2H2CO2 atmosphere.   The Fe(II) in the 
Mohr’s salt dissociates to an aquo complex and is intended to be oxidized to Fe(III) by Fe 
oxidizing microorganisms. 
 
(2)  The Fe-reducer enrichment solution (after Kieft et al. 1999) was an aliquot of FeIII 
suspension with lactate, acetate and pyruvate as the organic substrates for Fe-reducing 
microbes.  These reagents were prepared and samples were handled in an N2H2CO2 
atmosphere  glove box. The Fe(III) precipitate was made by Brandi Cron-Kammermans 
following the FeOOH method of Schwertmann and Cornell (1991), and washed twice.  
The final suspension was autoclaved just before being added to the FeIII-reducer 
enrichment media.  
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(3) The sulfate-reducer enrichment solution (after Postgate et al. 1984) was calcium 
sulfate and magnesium sulfate with lactate, acetate and pyruvate as the organic substrates 
for sulfate-reducing microbes.  These reagents were prepared and samples were handled 
in  N2H2CO2 atmosphere  glove box. 
  
(4) The sulfur-oxidizer enrichment solution (after Atlas et al. 1993) was a sodium 
thiosulfate and iron chloride solution, which formed a precipitate of elemental sulfur (S0).  
The elemental sulfur was intended to be oxidized to sulfate by an S0 oxidizing 
microorganism.  This was prepared and sampled in the laminar-flow hood. 
 
Groundwater for media. 
Initially we attempted to make an artificial groundwater for making the incubation media, 
and for the control samples.   Well and groundwater in Meeker County and much of 
Minnesota are saturated for carbonate minerals at the surface.  At depth they are below 
saturation because of the greater partial pressure of CO2 at depth.   To make a similar 
groundwater we had to mix it with MilliQ water and sparge the solution with gaseous 
CO2 to bring carbonates below saturation.  Rebecca Sims (Toner lab research fellow) and 
I made some test volumes and found that they were not very stable; carbonates 
precipitated overnight.  They were also too high in Na and K (frequent cations for the 
trace-grade anions we were using).   
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There is a capped well on public land about 1500m north of core MS-6.  This is a former 
schoolhouse site, and the schoolhouse well had been capped.  The staff at the Meeker 
County Courthouse were able to put me in touch with some of the neighbors who were 
very helpful and confirmed that the well was there and that the cap was accessible.  
However, in the end we decided against trying to get permission and equipment to re-
open and pump this well for incubation water. 
 
Fortunately, I had a large database of well-waters chemistry in Minnesota.  Staff at the 
city of Litchfield very kindly offered to let me have municipal well water upstream of 
their fluoridation and chlorination plant.  Unfortunately, Litchfield city water is very 
close to the EPA MCL for arsenic and I was concerned that this would overwhelm the 
amount of arsenic that might be liberated from the samples. 
 
Water wells in eastern central Minnesota (the metro) had similar major ion concentrations 
to those of the As-affected wells in Meeker County (carbonate, sulfate, Cl-, Na, Ca, Mg) 
but without the arsenic.   I asked Scott Alexander (Earth Sciences, University of 
Minnesota) about possibly pumping one of the test-wells on campus and he suggested the 
well in the Wildlife Biology Fisheries Lab at UMN.  As it turns out there is a large, 
indoor, freshwater-fish rearing lab on the St. Paul campus.  Fisheries staff were very 
generous with their well water and I filter-sterilized it and used it to mix the media and 
the blanks.   The pH of the well water for open-air incubations was adjusted by sparging 
with an N2-CO2 mix.  Well water for the anaerobic incubations was sparged with N2 for 
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an hour per liter, then the pH was adjusted by sparging with the N2-CO2 mix. 
 
Methods:  I had a few weeks between hearing of the planned coring and the day the core 
was recovered in which to plan and test the media and to track down materials.  We 
decided to incubate at the in-situ temperature of the cores which we thought would be 
around 10°C.  No incubators were available to borrow at that time so we bought a wine-
fridge for this purpose (normal household refrigerators do not come up to 10°C). 
 
Core MS-6 was recovered by the Minnesota Geological Survey.  The supervising 
geologist was Gary N. Meyer and the coring contractor was Traut Wells.  The 
temperature of the core at 30, 60, and 90m depth was 12°C.  Core sections were brought 
to the surface and extruded into plastic tubes.  I took 1 m sections of interest about 60 m 
away from the drill truck, cut through the plastic tubing and used a sterile spatula to open 
the core.  A second sterile spoon was used to remove the the sediment sample from the 
inside of the core and to place it into a sterile Whirl-Pak.   
 
Collected samples were kept in a cooler to prevent freezing and were brought back to 
UMN and kept in the 12°C incubator until they were dispersed into the enrichment 
media.  Separate sub-samples for major and trace-element chemistry were collected for 
sediment dissolution analysis at the USGS contract lab.   
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Six samples were incubated with 6 growth media and included three duplicates, one of 
which was poisoned with sodium azide (NaN3) as an abiotic control sample.  Each of the 
enrichment media had a blank and a poisoned blank.  In total this was 120 incubations. 
 
Each of the six strata had these: 
• 2 Fe oxidizers 1 Fe oxidizer with Na azide 
• 2 Fe reducers and 1 Fe reducer with Na azide 
• 2 SO4 reducer and 1 SO4 reducer with Na azide 
• 2 S0 oxidizers and 1 S0 oxidizer with Na azide 
• 2 anerobic groundwater and 1 anaerobic groundwater with azide 
• 2 aerobic groundwater and 1 aerobic groundwater with azide 
 
Each of the enrichment media had these blanks (media without inoculation) 
• 1 Fe oxidizer and 1 Fe oxidizer with Na azide 
• 1 Fe reducer and 1 Fe reducer with Na azide 
• 1 SO4 reducer and 1 SO4 reducer with Na azide 
• 1 S0 oxidizer and 1 S0 oxidizer with Na azide 
• 1 anaerobic groundwater and 1 anaerobic groundwater with Na azide 
• 1 aerobic groundwater and 1 aerobic groundwater with Na azide 
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Strata chosen for incubation: 
Strata from core MS-6 for incubation were chosen as paired aquifer-aquitard samples and 
named based on the core, the depth, and the type of stratum sampled.  Gary Meyer’s 
descriptive core log illustration of MS-6 is appended as Figure 1.   Because the full 
sample names were very long and quite similar, each sampled stratum was also given a 
nickname to make it easier to read the hundreds of incubation bottles, syringes, filters, 
and subsample vials.  Each of these was labelled with both the full sample name and the 
nickname. The descriptions and formation names in italics are directly quoted from 
Meyer (2015) and can be seen labelling these strata in Figure 1. 
 
• MS6 100 ft aquitard “Alan” Grey loamy till, Sauk Center Member of the Lake 
Henry Formation 
• MS6 100.5 ft aquifer “Gary” Grayish-yellow, medium-grained sand, gravelly 
sand, and sand and very fine- to fine-grained gravel; abrupt lower contact; Lake 
Henry Formation   
• MS6 106 ft aquifer “Angie”  Grayish-yellow, medium-grained sand, gravelly 
sand, and sand and very fine- to fine-grained gravel; abrupt lower contact; Lake 
Henry Formation   
• MS6 106 ft aquitard “Barb” Greenish-gray, sandy till; gray at 108'; Meyer Lake 
Member, Lake Henry Formation  
• MS6 323 ft aquitard “Harvey” Greenish-gray, very fine-grained sandy silt; 
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calcareous; grades to yellowish-gray by 322.5' with increasing organics; gray to 
olive-black below 323'; few laminae of silty, very fine-grained sand; interglacial  
• MS6 323 ft aquifer “Carrie” Gray, fine- to medium-grained sand interbedded with 
yellowish-gray to olive-black, silty clay with shells; very small pebbles in sand 
and clay; interglacial  
 
Sediment dissolution chemistry:  Aliquots of the solid sample for trace and major 
element chemistry were collected along with the incubation aliquots.  Because the 
inoculation had to take place very shortly after the samples were recovered from the core, 
the concentration of As, Fe and S in the samples was not known until several months 
after the last subsamples had been drawn from the incubations.  Sediment chemistry was 
measured at the USGS contract lab after the method by Taggart (2002) which is 
described in more detail in Chapter 2.  Table X is a complete table of trace and major 
element chemistry for the Meeker County core M-6 samples. 
Table 23 Strata for incubation 
Sample name Depth (m) As (hydride) mgkg-1 Fe % S % 
MS6 100ft aquitard “Alan” 30.5 2.7 1.4 0.02 
MS6 100.5ft aquifer “Gary” 30.6 3 0.81 0.08 
MS6 106ft aquifer “Angie” 32.3 1.9 0.73 0.02 
MS6 106ft aquitard “Barb” 32.3 2.1 1.49 0.02 
MS6 323ft aquitard “Harvey” 98.5 14.7 1.4 0.45 
MS6 323ft aquifer “Carrie” 98.5 9.8 1.16 0.24 
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Inoculations:  Initial inoculations took place over four days, April 5-6 and April 8-9 
2013.  The geological samples for inoculations were dispersed in filter-sterilized 
anaerobic groundwater inside the H2N2CO2 anaerobic chamber, in pre-weighed, 
autoclaved beakers with stir-bars. (Beakers and stir bars were weighed together, then 
wrapped in foil and autoclaved.)  The autoclaved bundles were put into the anaerobic 
chamber when cool, the sample aliquot was dispersed in the beakers with a fixed volume 
of filter-sterilized anaerobic groundwater.    
 
The innoculants for the anaerobic media were pipetted out of the beaker during vigorous 
stirring to keep the sediments suspended and added to the pre-prepared anaerobic 
incubation media in the incubation bottles.  The bottles were sealed inside the anaerobic 
chamber.  Each inoculation was 5ml of sample suspension.   
 
Then the sample beakers were brought out of the anaerobic chamber and put into the 
laminar flow hood where the samples were pipetted into the prepared aerobic sample 
media and sealed.   
 
Incubation bottles were incubated at 12°C and shaken every day. 
Incubations were sub-sampled at the time of inoculation (time 0) and at 1 week (time 1), 
2 weeks (time 2), 1 month (time 3), and three month intervals (time 4).   
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Anaerobic samples were sub-sampled in the H2N2CO2 glove box, and aerobic samples 
were sub-sampled in the laminar flow hood. 
 
Samples were removed by syringe, then the needle was discarded and replaced with a 
filter, and the sample was filtered into a 15ml falcon tube, and acidified to 1% HCl.  A 
second needle was placed in the septum during sampling to make up the pressure 
difference and to introduce fresh air or gas mixture into the samples.  For sampling times 
0 to 3, 3 ml of solution was removed, for sample time 4 (final sampling) 10 ml of solution 
was removed.   
 
Before sampling, incubation bottle septa were flame-sterilized with ethanol.  For 
anaerobic samples the septa were covered with flame-sterilized foil caps and brought into 
the anaerobic chamber for sampling.   
 
Filters for Fe oxidizers and reducers were rinsed with 3 ml 0.1M NaPO4 to dislodge As 
that might have sorbed to solids in the filter.  The phosphate rinses were retained and 
acidified as were the samples.  All filters were retained and frozen.    
 
Concentration of inoculations:  5 ml aliquots of suspension were also dispersed into pre-
weighed boats to determine how much solid sample had been in the aliquots.  These were 
put into a drying oven and weighed the following week.  5 ml of suspended aquitard 
samples contained approximately 0.3 mg of solid sample.  5 ml of suspended aquifer 
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samples contained about 0.25 mg of solid sample.   I had expected that the solid 
concentration of the aliquots would be much higher.  
 
The range of As concentrations in the incubated strata was from 1.9 to 14.7 mgkg-1 (Table 
1).   Each inoculation of 5 ml of dispersed sample contained approximately 0.3 g of solid 
sample, and these were diluted in 100 ml of sample media.  If all of that arsenic were 
liberated into the incubation media (which is unlikely) the concentration of As in the 
media could range from 5.7 to 44.1 µgL-1.   Expected concentrations of inoculated media 
are one to two orders of magnitude lower. 
 
Measurement via AA:  The intended method of measurement for these was atomic 
absorption spectrophotometery via hydride generation (HG-AAS).   All the abiotic 
samples with the Na-azide, and all the sulfate samples produced a precipitate during the 
pre-reduction step that that precluded running the samples via HG-AAS.   Mike Ottman, 
Reba Van Beusekom, Brandi Cron-Kammermans and I worked on this method during 
2014-2015 and concluded that although there may be a way to overcome the azide 
precipitate problem by using a different pre-reducing agent, the simpler course would be 
to use a different lethal agent like mercury chloride for the abiotic samples.   
 
Michael Ottman and Brandi Cron-Kammermans continued to work on the Meeker 
County samples, including some As standard additions to the Fe(III) suspension.  They 
found that the added arsenic did not make it through the filtering step necessary for 
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measuring the samples by HG-AAS and concluded that the As was binding to the Fe 
solids in the suspension and subsequently getting trapped in the filter.  For either ICP or 
HG-AA these samples would have to be digested, unfiltered, to measure arsenic and it 
would be difficult to distinguish between As liberated from the sediments via this 
digestion and As liberated from the added Fe oxide solids.      
Michael Ottman did further work on these reagents and on alternative reagents, the 
following are Mike’s comments, written by Mike.   
“Additional barriers to a working method were the presence of S-containing 
compounds (SO4) that were rapidly reduced to H2S in the presence of NaBH4; this 
caused interference in the analysis of the As hydride. Finally, the high 
concentrations of Fe present in the enrichment media posed two specific issues. 
First, FeIII oxides are known to strongly bind As from solution. Secondly, the 
reduction of FeIII to FeII is more favourable than the reduction of AsV to AsIII, 
meaning that a ‘scavenging’ of reductant by FeIII in solution could take place.  
In order to circumvent these problems, we employed the use of two matrix 
modifiers that served to eliminate the issues affiliated with the high Fe 
concentrations. 1,10 phenanthroline, an organic molecule containing amine 
groups that coordinate with Fe, was experimented with as an Fe complexer that 
would dissolve and then passivate the resultant solution phase Fe in order to 
prevent reductant scavenging and As sorption. Further experiments were also 
carried out with L-cysteine, an amino acid containing a thiol group that is 
implicated in metal complexing. The addition of L-cysteine was meant to serve a 
dual purpose, as the molecule has been used as both a matrix modifier and a pre-
reductant in As hydride generation work.  
However, difficulties were encountered with both approaches. L-cysteine failed to 
function as a reductant and did not result in the generation of a sufficient As 
signal. 1,10 phenanthroline did successfully complex Fe, but” was still 
unworkable for HG-AAS.  Michael Ottman pers. com 2016. 
 
Measurement via ICP:  Analysing these samples via ICP-MS would probably 
circumvent some of the matrix effects in preparing the samples for AA but it would not 
solve the problem of As binding to Fe oxides during the filtration step.   Analysing 120 
samples over 5 sample events is 600 analyses. It would be more than 800 if we add the 
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phosphate rinses.   Unless this were being done “in house” as was the intention with the 
HG-AA, this would be very expensive. 
 
Considerations for future work:  If I were to undertake this kind of experiment again I 
think it would be important to test the matrix effects of the media with the measurement 
method before starting.  
 
More solid sample could be introduced by homogenizing the solid sample, and then 
spooning it directly into a pre-weighed prepared bottle of prepared media.  On the other 
hand this could increase the risk of contamination of the solid sample with ambient 
microbes.   
 
I would probably elect to run a smaller sample because sampling 120 media bottles in 
and out of a glove bag takes 4 days.   Although the wine fridge kept its temperature very 
nicely, an incubator that could keep the samples moving would probably be better than 
swirling them once a day. 
 
We might consider using a gas manifold rather than a glove bag for sampling the 
anaerobic samples (instead of a needle open to the glove-box atmosphere, the 
compensating needle is plumbed into the supply gas at low pressure.)  In this way the 
anaerobic samples could be sub-sampled in the laminar flow hood, which is less 
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cumbersome and cleaner (to avoid microbial contamination of the samples) than the 
glove-bag.   
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Figure 37 Meyer 2015 Descriptive log of core MS-6 
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INTRODUCTION
The Quaternary Stratigraphy plate describes the unconsolidated sediment expected to 
be encountered between the land surface and bedrock in Meeker County.  The stratigraphy 
is portrayed here using cross sections A –A' through E–E' that are representative of 50 
cross sections (Fig. 1) used to construct a three-dimensional model of the Quaternary 
deposits of Meeker County.  The major sand bodies from this model are depicted on Plate 
5, Sand Distribution Model; the full model and all the cross sections used to develop it can 
be accessed through the digital files of the Minnesota Geological Survey.  The geologic 
units shown on the cross sections were defined using core from six rotary-sonic drill 
holes, outcrops, auger logs and samples, drill cuttings collected by water-well drillers 
and the Minnesota Geological Survey (Southwick and others, 1990), and water-well 
and bridge-boring logs (Plate 1, Data-Base Map).  Some units match those on Plate 3, 
Surficial Geology, a number of new units appear only on the cross sections, and others 
for simplification purposes are a combination of multiple units from Plate 3.  Vertical 
exaggeration is 50x for all cross sections.
Figure 2 is a schematic illustration showing the relationships between age, provenance, 
stratigraphic position, and location of the sediments deposited by major glacial episodes 
(on Plate 3, see Fig. 3, Table 1, and the text for supplementary information).  Analysis of 
the texture and clast types of the Quaternary sediments was done for selected geologic 
units, as listed in Table 1.  Logs of the six rotary-sonic cores drilled by Mark J. Traut 
Wells for the Minnesota Geological Survey for this study are shown in Figures 3 to 8.
DESCRIPTION OF CROSS SECTION UNITS
Each unit description on the cross sections is placed in one of three categories, as 
indicated in parentheses after the description: 1. Surficial Geology unit—unit having 
an identical description, label, and color as on Plate 3, Surficial Geology; see Plate 3 
for detailed descriptions; 2. New unit—unit that appears only on the cross sections 
that has a unique label and color (the new sand and gravel units have the same color to 
emphasize their status as potential aquifers); or 3. Modified unit—multiple units from 
Plate 3 combined into one unit on the cross sections.  Some surficial geology deposits 
along the cross section line are too narrow to be shown.
Drill samples have established the presence of a number of subsurface deposits in 
Meeker County that predate those of the last glaciation, the Wisconsinan Episode (Fig. 2, 
Table 1), but they have been eroded and are likely more discontinuous than portrayed in 
the cross sections.  Distinguishing individual stratigraphic units from water-well records, 
the primary subsurface data base, is difficult, so the pre-Wisconsinan Episode units 
have been combined as described below.  Detailed descriptions of those units that have 
been formally named can be found in Johnson and others (in press).  Unit designations 
which begin with the letter "w" correlate with pre-Wisconsinan Episode deposits of the 
W sequence of Meyer and Knaeble (1996), and unit designations which begin with the 
letter "v" correlate with their older V sequence.  The letter "p" at the beginning of the 
designations of the lowermost units stands for Pleistocene, undifferentiated.
By convention, the name designations of buried sand and gravel bodies depicted 
in this report are associated with their underlying till.  The name does not necessarily 
mean that individual sand bodies have the same provenance as the underlying till; in 
fact, many were derived from mixed source regions as described below.
QUATERNARY
Hudson Episode
 al Alluvium (Surficial Geology unit)
 ac Clayey alluvium (Surficial Geology unit)
 ll Lake silt and clay (Surficial Geology unit)
 ls Lake sand (Surficial Geology unit)   
 pe Peat and muck (Surficial Geology unit)
 eo Eolian sand (Surficial Geology unit)
Wisconsinan Episode
  New Ulm Formation—Light olive-brown to dark gray, bedded sediment and clay 
loam to sandy loam-textured diamicton of northwestern (Riding Mountain) 
provenance, deposited by ice and meltwater of the Des Moines lobe.  This 
formation is at or near the surface across most of Meeker County.
   Heiberg Member
 nht    Heiberg Member till (modified unit)—A combination of map units 
nht and nhs from Plate 3.  Loam to clay loam diamicton; shale clasts 
generally compose from 35 to 45 percent of the very coarse-grained 
(1-2 millimeter) sand fraction (Table 1).  The unit commonly includes 
generally thin beds of silt and clay; sand and gravel lenses are present 
in places.
   Heiberg and Villard Members
 ng    Outwash (Surficial Geology unit)
 nl    Lake clay and silt (Surficial Geology unit)
 ns    Lake sand and silt (Surficial Geology unit)
 nlg    Lake sand and gravel (Surficial Geology unit)
 nd    Deltaic sediment (Surficial Geology unit)
 ni    Ice-contact stratified deposit (Surficial Geology unit)
 nts    Sand and gravel (new unit)—Deposited just before or during the final 
advance of the Des Moines lobe into Meeker County.
   Villard Member
 nt    Villard Member till (modified unit)—A combination of map units nvt, 
nva, and nvs from Plate 3.  Loam to sandy loam diamicton; shale clasts 
generally compose from 5 to 30 percent of the very coarse-grained (1-2 
millimeter) sand fraction (Table 1).  The unit includes fine-grained lake 
sediment in places, and sand and gravel lenses are common in some 
areas.
   Villard and Moland Members
 ms    Sand and gravel (new unit)—Deposited by meltwater of the Des Moines 
lobe.
   Moland Member
 mt    Moland Member till (new unit)—Deposited by an early phase of the 
Des Moines lobe.  Loam to sandy loam diamicton; dense; gravelly in 
places.  Shale clasts generally compose from 2 to 12 percent of the very 
coarse-grained (1-2 millimeter) sand fraction (Table 1).  Thin beds of silt 
to gravel within the unit are common in places.  Where unit mt is thick 
it may include fine-grained lake sediment.  Without laboratory analyses, 
unit mt is difficult to distinguish from till of the older Hewitt Formation 
(unit hwt), so the thickness and extent of the two units relative to each 
other as shown in the cross sections is only approximate.
  New Ulm and Hewitt Formations
 hs  Sand and gravel (new unit)—Deposited by meltwater of the Des Moines and/
or Wadena lobes; clasts of Superior provenance are common in places.
  Hewitt Formation—Yellow-brown to gray, bedded sediment and loam to sandy 
loam diamicton of north/northeastern (Rainy) provenance, deposited by 
the Wadena lobe and its meltwater.  Correlative with the Traverse des 
Sioux Formation of south-central Minnesota (Knaeble, 2013a).
 hwt  Sandy till (Surficial Geology unit)—Dense, gravelly to rocky in places.  Shale 
clasts are very rare or absent in the very coarse-grained (1-2 millimeter) sand 
fraction (Table 1).  Thin beds of silt to gravel within the unit are common 
in places.  The unit includes fine-grained lake sediment in places.  A few 
well logs in eastern Meeker County describe reddish colored sediment at the 
base of the Hewitt Formation till that may be equivalent to the Henderson 
Formation (Lusardi and others, 2012) and/or the Cromwell Formation 
deposited during the Emerald phase (Knaeble, 2013b).
  Hewitt and Lake Henry Formations
 scs  Sand and gravel (new unit)—Deposited primarily by meltwater of the 
Wadena lobe, but includes older sediment of Winnipeg and possibly 
Superior provenance.
Pre-Wisconsinan Episodes
  Lake Henry Formation—Yellow-brown to gray, bedded sediment and dense, 
generally silt-rich, loam-textured diamicton of north/northwestern 
(Winnipeg) provenance (Table 1).  Common in the subsurface of central 
Minnesota (Meyer and Knaeble, 1996).  The two members correlate with 
the upper two till units of the Good Thunder formation in south-central 
Minnesota (Lusardi and others, 2012; Knaeble, 2013a).
 sct  Sauk Centre Member till (new unit)—Ranges to silt loam texture, with 
abundant carbonate clasts and only rare shale clasts (Table 1).  Includes 
Superior provenance till of the St. Francis Formation at the base in 
limited areas (Fig. 2).  May include till of the Browerville Formation, 
or other younger deposits (Lusardi and others, 2012).
 mls  Sand and gravel (new unit)—Mostly Lake Henry Formation sediment but 
includes some sediment of the St. Francis Formation.
 mlt  Meyer Lake Member till (new unit)—Similar to but slightly coarser-grained 
than till of the Sauk Centre Member, ranging to sandy-loam-textured in 
places, with common to abundant carbonate clasts and only rare shale clasts 
(Table 1).  Includes Superior provenance till of the St. Francis Formation in 
the upper and/or lower portions in limited areas.  Likely includes younger or 
older deposits of Winnipeg provenance, and possibly Superior provenance 
sediment older than that of the St. Francis Formation (Fig. 2).
  Lake Henry Formation and Good Thunder formation
 gs3  Sand and gravel (new unit)—Mostly Winnipeg provenance sediment, but 
includes some sediment of Superior provenance.
  Good Thunder formation—Light olive-brown to dark gray, bedded sediment and 
dense, loam to silt loam-textured diamicton of Winnipeg provenance. 
Three tills are tentatively identified as part of the informally named 
Good Thunder formation in Meeker County, corresponding to the three 
lower tills of the Good Thunder formation mapped in Renville County 
to the south (Knaeble, 2013a).  The tills in Meeker County generally 
have high carbonate content and very small amounts of gray shale (Table 
1).  One or more of the tills may correlate with till of the Eagle Bend 
Formation of central Minnesota.
 gt3  Loamy till (new unit)—Only recognized in core hole MS-6 (Fig. 8) in 
Meeker County, so the areal extent of the unit is uncertain, and it is only 
mapped in the southwest portion of the county.  The unit likely includes 
older or younger Winnipeg provenance till or fine-grained lake sediment 
in places.  Reddish clayey sediment reported in well logs implies unnamed 
reddish till of Superior provenance is present in a few places in the lower 
portion of the unit (Fig. 2).  The unit termed Good Thunder formation till 
3 in Sibley (Lusardi and others, 2012) and Renville Counties (Knaeble, 
2013a) to the south is somewhat more clayey-textured, and in Renville 
County has many more shale clasts.
 gs4  Sand and gravel (new unit)—Mostly Winnipeg provenance sediment, but 
includes or consists of sediment of Rainy or Superior provenance in 
places.
 gt4  Loamy till (new unit)—Only recognized in core holes MS-1 and MS-6 
(Figs. 3 and 8) in Meeker County, so the areal extent of the unit is 
uncertain, and it is only mapped in the western portion of the county. 
The unit likely includes older or younger Winnipeg provenance till or 
fine-grained lake sediment in places.  Reddish clayey sediment reported 
in well logs implies unnamed reddish till of Superior provenance is 
present in a few places in the lower portion of the unit (Fig. 2).  Where 
unit gt4 is thin it may be composed entirely of Superior provenance till. 
The unit termed Good Thunder formation till 4 in Sibley (Lusardi and 
others, 2012) and Renville Counties (Knaeble, 2013a) to the south is 
somewhat more clayey-textured.
 gs5  Sand and gravel (new unit)—Mostly Winnipeg provenance sediment, with 
minor sediment of Superior provenance.
 gt5  Loamy till (new unit)—Only recognized in core holes MS-1 and MS-6 (Figs. 
3 and 8) in Meeker County, so the areal extent of the unit is uncertain, and 
it is only mapped in the western portion of the county.  The unit likely 
includes older or younger Winnipeg provenance till, fine-grained lake 
sediment, or Rainy provenance till.  The till in MS-1 included in unit gt5 
has much less carbonate than does typical Good Thunder formation till 
(Table 1), and could instead be correlative to till of the Elmdale Formation. 
Well logs imply unnamed reddish till of Superior provenance is present 
in a few places in the lower portion of unit gt5 (Fig. 2).  Where the unit 
is thin it may be composed entirely of Superior provenance till.  The unit 
termed Good Thunder formation till 5 in Renville County to the south 
(Knaeble, 2013a) is somewhat coarser-textured.
  Good Thunder formation and Rainy provenance sediment
 wrs  Sand and gravel (new unit)—Includes Winnipeg, Rainy, and minor Superior 
provenance sediment.
  Rainy provenance sediment—Yellow-brown to gray, bedded sediment and loam 
to sandy loam diamicton of north/northeastern (Rainy) provenance.  
 wrt  Sandy till (new unit)—Dense, gravelly to rocky in places.  Shale clasts 
are very rare or absent in the very coarse-grained (1-2 millimeter) sand 
fraction (Table 1).  Thin beds of silt to gravel within the unit are common 
in places.  The unit includes fine-grained lake sediment in places.  The 
till likely correlates, at least in part, with till of the Shooks Formation 
of north-central Minnesota.  Includes older and/or younger Winnipeg 
provenance till in places.
  Rainy provenance sediment and Elmdale Formation
 wes  Sand and gravel (new unit)—Primarily of Rainy provenance, but includes 
sediment of Winnipeg and possibly Superior provenance.
  Elmdale Formation—Yellow-brown to dark gray, bedded sediment and   clay 
loam to loam-textured diamicton of Winnipeg provenance, with low to 
moderate amounts of carbonate (Table 1).
 wte  Loamy till (new unit)—Only recognized in core hole MS-5 (Fig. 7), but 
assumed to underlie the entire county, at least in erosional remnants, 
because the formation is present in counties "down-ice" to the south 
(Meyer and others, 2012; Knaeble, 2013a).  Elmdale Formation till in 
core MS-5 is mixed with Superior provenance till, presumably eroded 
from the underlying "unit v" till (Meyer and Knaeble, 1996).  Unit wte 
in some areas likely includes other till of Winnipeg or Rainy provenance 
(Fig. 2), or fine-grained lake sediment.
  Elmdale Formation and Unit V
 vs  Sand and gravel (new unit)—Mostly sediment of Winnipeg provenance, 
but includes sediment of Superior and Rainy  provenance in places.
  Unit V—Yellow-brown to gray, bedded sediment and silt loam to loam-textured 
diamicton of Winnipeg provenance, with moderate to abundant amounts of 
carbonate; and reddish-brown, bedded sediment and sandy loam-textured 
diamicton of Superior provenance (Table 1; Meyer and Knaeble, 1996).
 vt  Loamy to silty till (new unit)—Only recognized in core hole MS-6 (Fig. 8), 
but assumed to be preserved in the deeper buried valleys cut into bedrock, 
especially in the southwest portion of Meeker County.  Tentatively 
correlated with the "unnamed till" (unit vt) of Lusardi (2014).  Includes 
reddish-brown sandy till of Superior provenance in limited areas.
 psu  Sand and gravel (new unit)—Includes sediment of Winnipeg and Superior 
provenance.
  Undifferentiated Quaternary deposits
 pu  Undifferentiated sediment (new unit)—Includes till and bedded clay, silt, 
sand, and gravel.  Shown in areas where control data were scarce or 
absent.
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Deposit description and geologic units
    shown on cross sections    
New Ulm Formation                
    Heiberg Member till (unit nht) 43 4 33 42 25  30 37 25 38 37 73 14 12 1
    Villard Member till (unit nt) 260 6 50 34 16  206 58 26 16 15 72 14 12 2
      Loamy-textured portion (unit nvt on Plate 3) 103 5 46 37 17  85 49 27 24 23 74 13 12 1
      Sandy-textured portion (unit nva on Plate 3) 157 6 52 33 15  121 64 26 10 9 70 15 13 2
    Moland Member till (unit mt) 5 11 52 36 12  5 65 28 7 5 73 13 13 1
Hewitt Formation till (unit hwt) 40 8 53 34 13  40 80 19 1 T 60 15 18 7
Lake Henry Formation               
    Sauk Centre Member till (unit sct) 49 7 39 44 17  49 51 48 1 1 76 11 13 T
    Meyer Lake Member till (unit mlt) 65 7 41 42 17  65 57 42 1 1 74 12 13 1
St. Francis Formation till (included in unit mlt) 3 5 61 28 11  2 94 5 1 0 36 27 19 18
          leached 1 100 0 0 0 46 27 18 9
Good Thunder formation               
    Till 3 (unit gt3) 23 6 37 43 20  21 48 50 2 1 76 12 12 T
    Till 4 (unit gt4) 25 3 34 45 21  19 52 47 1 1 70 15 14 1
    Till 5 (unit gt5) 11 4 32 47 21  10 71 28 1 T 67 20 12 1
    Till 5 from MS-1 (included in unit gt5) 5 2 30 50 20  4 87 12 1 T 65 21 13 1
    Till 5 from MS-6 (included in unit gt5) 6 6 35 44 21  6 55 44 1 T 69 18 12 1
Rainy provenance till (unit wrt) 11 7 60 32 8  11 77 21 1 T 57 24 15 4
    Till from MS-1 and MS-5 (included in unit wrt) 5 5 52 35 13  5 87 13 T 0 60 24 14 2
    Till from MS-6 (included in unit wrt) 6 8 68 29 3  6 68 30 2 T 54 23 17 6
Elmdale Formation till (unit wte) 14 4 43 38 19  11 80 17 3 T 47 26 18 9
Winnipeg provenance "V" till (unit vt) 7 6 31 49 20  6 63 36 1 T 62 17 19 2
Superior provenance "V" till (included in unit vt) 1 4 62 31 7  1 92 8 0 0 31 35 17 17
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Table 1.  Average values for the matrix texture and sand composition of tills recognized in Meeker County.  Matrix texture (the 
less than 2-millimeter grain size fraction of the sample) is expressed as relative proportions of sand, silt, and clay in percent.  The 
lithologic composition of the very coarse-grained sand fraction (1-2 millimeters) is expressed in percent as relative proportions of 
Precambrian rocks, Paleozoic rocks (mostly carbonate), and Cretaceous rocks (mostly shale and limestone) using the classification 
system of Hobbs (1998).  Cretaceous shale as a percent of the total 1-2 millimeter fraction is also given.  The Precambrian 1-2 
millimeter fraction is further differentiated by rock type—light (granite and gneiss), monomineralic (clear) quartz, dark (mafic-rich 
igneous and metamorphic rocks), and red (rhyolite, sandstone); T = trace amount.
Figure 1.  Location of the 50 cross sections, constructed 
at regular 0.6-mile (1-kilometer) intervals, used to create a 
three-dimensional model of the Quaternary deposits of Meeker 
County.  The locations of cross sections A–A' through E–E' are 
shown here, and are also shown on Plate 3, Surficial Geology. 
Squares depict the locations of the six Minnesota Geological 
Survey rotary-sonic core sites and circles depict locations 
of water well sites with a log recorded in the County Well 
Index (only shown where within 0.3 mile [0.5 kilometer] of 
the cross section).
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A A'
B B'
C C'
D D'
E E'
MS-6
MS-1
MS-3
MS-5
MS-2
MS-4
CROSS SECTION SYMBOLS
 Geologic contact—Approximate.  No-line boundaries occur where data were insufficient to reliably 
extend units.
 Scientific core hole—Rotary-sonic cores drilled for this project (Figs. 3 to 8).
 Drill hole—Well records from the County Well Index.  The top of the drill hole may not coincide 
with the cross section surface elevation line because the point is located near (within 0.3 mile 
[0.5 kilometer]) but not on the cross section line and therefore may have a different surface 
elevation.
 Bedrock contact—Point representing the contact between bedrock units at the bedrock surface. 
Map unit labels match those on Plate 2, Bedrock Geology.
Figure 4.  Descriptive log of rotary-sonic core MS-2, drilled by Mark J. Traut Wells for this study.  The drill 
site location is shown on Figure 1.  Bedrock was described by Julia R. Steenberg and John H. Mossler.
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Borehole name:  MS-2; unique number:  795529
Elevation in feet above mean sea level:  1,145
Depth
(feet)
Lithology DescriptionUnit
Location:  T. 121 N., R. 30 W., sec. 27; BBDBDC
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Dull yellow, silty clay to clayey silt, no pebbles; 2-3.5' yellowish-brown, coarse-grained loamy till; Villard Member, 
New Ulm Formation 
Yellowish-brown to yellowish-gray, fine- to medium-grained sand, with minor gravel; 12-12.5' yellowish-brown, 
sandy till; Villard Member, New Ulm Formation
Yellowish-brown, loamy, gravelly sand; mixed with till below 16.5'; Villard Member, New Ulm Formation
Yellowish-brown, sandy till, dark grayish-yellow by 18', grading to dark gray by 20'; small lenses of silt with clay 
laminae at lower contact; Villard Member, New Ulm Formation
Dull yellowish-brown, sandy till; brown streaks below 25.5-28'; below 28' yellowish-gray, dense, coarse-grained 
loamy to sandy till; silt to silty very fine-grained sand lenses 47-48', coarse-grained loam till below; dark 
grayish-yellow and yellowish-gray below 59', Hewitt Formation with much Superior provenance
Olive-gray to 61' over a few inches of bright yellowish-brown over grayish-yellow coarse-grained loamy till; mixed 
lower contact; bright yellowish-brown sand and gravel 70.5-72'; 72-73' dull yellow to grayish-yellow, coarse-
grained loamy till interbedded with sand to fine-grained gravelly sand; yellowish-gray at 74.5'; grayish-yellow at 
76'; Sauk Centre Member, Lake Henry Formation
Dull yellow, silty, very fine-grained sand with few granules; 76.6-77.5' bright yellowish-brown, coarse-grained sand 
and gravel; till balls or lenses 77.5-78'; ranges to very fine-grained sandy silt from 78.5-80'; Lake Henry Formation
Dull yellow, sand to silty sand and fine-grained gravel; fine-grained sand beds below 83'; Lake Henry Formation
Dull yellow, loamy sand and gravel to gravelly sandy loam; cleaner below 89.5'; Lake Henry Formation
Dull yellow, silty fine-grained sand to very fine-grained sandy silt, with few sand and very fine-grained gravel 
beds; 95.5-96.5' dull yellow to grayish-yellow, coarse-grained loamy till; 96.5-98.5' light yellow to grayish-yellow, 
silty, very fine-grained sand to very fine-grained sandy silt; Meyer Lake Member, Lake Henry Formation
Dull yellow, fine-grained sand with few pebbles; 101-102' dull yellow-orange, silty sand and gravel; Meyer Lake 
Member, Lake Henry Formation
Grayish-yellow and dull yellow, loamy till; grayish-olive by 106'; thin mix zone at base; Meyer Lake Member, Lake 
Henry Formation
Bright reddish-brown, sandy till; moderately calcareous; yellowish-brown at 112'; mixed lower contact; St. Francis 
Formation
Dull yellow-orange, fine- to medium-grained sand; 113-114' sand and very fine-grained gravel; 114-115' 
grayish-yellow-brown, silty, very fine- to fine-grained sand; 118.5-119.5 dull brown, coarse-grained sand; medium- 
to coarse-grained sand below; Rainy provenance
Dull yellow-orange, silty, very fine-grained sand; very well sorted; calcareous; dull yellow by 125'; Rainy 
provenance
Dull yellow, medium- to coarse-grained sand; 137-146' mostly medium-grained sand; coarse-grained sand 
142.5-143.5'; Rainy provenance
Dull yellow, medium- to coarse-grained sand with minor gravel, ranging to very fine-grained gravelly sand in 
places; Rainy provenance
Dull yellow, fine-grained sand; very well sorted; Rainy provenance
Medium- to coarse-grained sand, with very coarse-grained sand beds; 160-161.5' dull yellow, fine- to medium-
grained sand with few pebbles; yellowish-gray at 161'; Rainy provenance
Gray and grayish-yellow, very fine-grained sand; silty, very fine-grained sand below 168', laminated silt below 
169.5'; Rainy provenance
Yellowish-gray, medium- to coarse-grained sand with minor gravel; Rainy provenance
Brownish-gray sand and gravel; Rainy provenance
Yellowish-gray clayey silt to silt; grayish-brown clay laminae in top foot; calcareous; brownish-gray to reddish-
brown clay laminae at 218.5', 219.5', and 220.5'; thick reddish-brown clay beds at 221.5', 223', and 224'; Rainy 
provenance with Superior provenance
Yellowish-gray silt; Rainy provenance
Yellowish-gray, very fine- to fine-grained gravel; medium- to coarse-grained gravel beds below 244'; Rainy 
provenance with Winnipeg provenance
Dull yellow, loamy fine-grained gravel; dull yellow-orange, loamy, fine- to medium-grained gravel by 252', with 
coarse-grained gravel layers; loamy, very fine- to fine-grained gravel below 261'; Rainy provenance with 
Winnipeg provenance
Fine-grained sandstone and siltstone with minor clay; greenish-gray to dark reddish-brown; angular quartz grains, 
kaolin clasts, and lignite fragments; Cretaceous
Figure 8.  Descriptive log of rotary-sonic core MS-6, drilled by Mark J. Traut Wells for this 
study.  The drill site location is shown on Figure 1.  Pollen analysis by Vania Stefanova of the 
Limnological Research Center of the University of Minnesota indicated a transition from a spruce 
forest at 323 feet (98 meters) to prairie at 314 feet (96 meters), and back to spruce forest at 310 
feet (94 meters; see full report in digital files).
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Borehole name:  MS-6; unique number:  272699
Elevation in feet above mean sea level:  1,184
Depth
(feet)
Lithology DescriptionUnit
Location:  T. 118 N., R. 32 W., sec. 9; DCCBCC
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Dark grayish-yellow to yellowish-brown, clayey till; dull yellow by 5'; silty to loamy texture 
7.5-12.5'; mixed with gravel 12.5-14.5'; more dense and loamy textured below 16'; more grayish 
below 16.5'; Heiberg Member, New Ulm Formation
Yellowish-brown, coarse-grained loamy till; Villard Member, New Ulm Formation 
Yellowish to olive-brown, sandy till; Villard Member, New Ulm Formation
Yellowish-brown, very fine- to fine-grained sand, grading to silty very fine-grained sand by 37.5'; 
36-36.5' fine- to medium-grained sand; very fine- to fine-grained sand below 39'; 40.5-42' 
fine-grained sand with granules; layer of fine- to medium-grained sand at 42.5', over very 
fine-grained sandy silt, grading to coarse-grained silt by 43.5'; thin bed of very fine-grained 
gravelly sand at 43'; gray at base; New Ulm Formation
Yellowish gray, medium- to coarse-grained gravel to 45', over medium-grained sand to very 
fine-grained gravelly sand to 46', over very fine-grained gravel with common shale to 47', over 
fine- to medium-grained gravel to 49', over medium-grained sand; at 50' silty sand and gravel; 
loamy gravelly sand by 50.5'; grades to cleaner sand and fine-grained gravel by 58', interbedded 
with silt by 59'; below 60' sand and very fine-grained gravel; 3-inch bed of dark gray sandy till at 
60.5'; below 61.5' loamy gravelly sand with little till; Moland Member, New Ulm Formation
Gray, coarse-grained loamy till; 70-71' mixed with coarse-grained sand; Moland Member, New 
Ulm Formation
Gray, sandy till; wood at 86' radiocarbon dated at >51,500 years B.P.; Hewitt Formation
Gray, coarse-grained loamy till; Hewitt Formation
Gray, loamy till; olive-gray at 99.5', grading to greenish-gray at base; Sauk Centre Member, Lake 
Henry Formation
Grayish-yellow, medium-grained sand, gravelly sand, and sand and very fine- to fine-grained 
gravel; abrupt lower contact; Lake Henry Formation
Greenish-gray, sandy till; gray at 108'; Meyer Lake Member, Lake Henry Formation
Gray, coarse-grained loamy till; 121-122.5' medium- to large-grained gravel with abrupt contacts; 
122.5-125.5' very dense, dark gray loamy till; 125.5-126.5' gray, coarse-grained loamy till mixed 
with dark gray, dense till; Meyer Lake Member, Lake Henry Formation
Gray sandy till; below 129' mixed with silty very fine-grained sand and silt; Meyer Lake Member, 
Lake Henry Formation
Dense, dark gray, loamy till; gray at 149'; slightly darker by 161'; at 179.5' bed of grayish-yellow, 
very fine-grained sand over silt; very dense by 186'; grades to dark gray by 204'; less dense by 
210'; slightly less sandy, more clayey with depth; abrupt lower contact; Good Thunder formation 3
Gray loamy till; several thin, dark brown layers at and just below upper contact have very 
fine-grained organics; more dense by 245'; 246.5-247' mixed with light gray, silty, very 
fine-grained sand; dark gray by 258.5'; Good Thunder formation 4
Gray, silty, very fine-grained sand; bed of very fine-grained sandy silt at 262.5'; Good Thunder 
formation 4
Dense, dark gray loamy till as above; sand mixed with till 267-267.5'; very fine-grained sand 
276-276.5'; Good Thunder formation 4
Dense, olive-yellow to grayish-olive, fine-grained loamy till; mostly olive-gray below 283', 
greenish-gray by 290.5', dark greenish-gray by 296', dark olive-gray below 300'; Good Thunder 
formation 4
Gray, fine- to medium-grained sand with granules; rare shell fragments; 304.5-305' dark gray silty 
clay to clayey silt with shell fragments; calcareous; grades to fine-grained sand by 306'; red 
sandstone cobble and dark pebbles below 308'; below 309' yellowish-gray with balls of dark gray 
to olive-black clay, over grayish-brown, loamy, coarse-grained gravel; interglacial
Brownish-black, silty clay loam with shells and fine-grained plant debris; moderately calcareous; 
below 310' olive-black with very few shell fragments; a few seed pods, grass stems; noncalcare-
ous below 313', no shells; very dense; black to olive-black to brownish-black below 313.5'; grades 
to silty diamicton with very small pebbles by 314.5'; no pebbles below 315.5'; few plant fragments 
below 317'; softer, gray, calcareous, fine-grained loamy bed at 318' with shell fragments, over 
black silt loam as above; below 319' shell-rich and mixed with softer, dark gray, calcareous, silty 
clay; 319.5-320.5' soft, gray, coarse-grained loamy diamict, with few very small pebbles, plant and 
shell fragments; calcareous; grades to greenish-gray, silty sand at base; interglacial
Greenish-gray, very fine-grained sandy silt; calcareous; grades to yellowish-gray by 322.5' with 
increasing organics; gray to olive-black below 323'; few laminae of silty, very fine-grained sand; 
interglacial
Gray, fine- to medium-grained sand interbedded with yellowish-gray to olive-black, silty clay with 
shells; very small pebbles in sand and clay; interglacial
Gray, medium- to coarse-grained sand; fine- to medium-grained by 326.5', with some granules by 
327'; no shell fragments; Rainy provenance
Gray, gravelly sand, to sand and medium-grained gravel by 328.5'; silty to loamy by 329'; Rainy 
provenance
Interbedded gray silt to very fine-grained gravelly sand; Rainy provenance
Gray, medium- to coarse-grained sand with granules; fine- to medium-grained sand by 334.5'; 
thin clayey silt lens near base; Rainy provenance
Gray sand and fine-grained gravel; bed of medium- to coarse-grained sand at 336' over 
coarse-grained gravel; sandy diamict at base; Rainy provenance (?)
Yellowish-gray, loamy, fine-grained sand with few pebbles, grading to silty fine-grained sand with 
some pebbles below 338.5'; gravel layer at 339.5'; Rainy provenance (?)
Yellowish-gray, sandy to very sandy till; loose, mixed with sand 350-351'; mixed with gray silt 
351-352.5' and below 359'; Rainy provenance (?)
Interbedded gray clayey silt and very dark gray clay; 360.5-361.5' beds of silty diamict; very rare 
dropstones; 375-379.5' gray silt to very fine-grained sandy silt; mixed with sand below 378.5', 
medium- to coarse-grained sand at base; Unit V, Winnipeg provenance
Gray silty till, mixed with very fine-grained gravelly sand to 380'; mixed with dark gray silty clay 
380-381'; mixed with fine-grained sand from 383-383.5'; 386.5-387' loamy sand and medium-
grained gravel; light gray silt bed at base; 387-390' loamy till, more dense than above; very 
fine-grained sandy silt to silty very fine-grained sand lenses; olive-gray and mixed with loamy 
sand and gravel below 389.5'; Unit V, Winnipeg provenance
Silty sand and fine-grained gravel; Unit V, Winnipeg provenance
Dense, gray, loamy till; 394-395.5' sand and gravel with till bed at 395'; 395.5-400' clayey to 
loamy till; Unit V, Winnipeg provenanceFigure 3.  Descriptive log of rotary-sonic core MS-1, drilled by Mark J. Traut Wells for 
this study.  The drill site location is shown on Figure 1.  Bedrock was described by Julia 
R. Steenberg and John H. Mossler.
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Grayish-olive, fine-grained sandy silt, noncalcareous; 3-3.5' dull yellow, silty fine-grained sand, 
New Ulm Formation
Dull yellow clayey silt, moderately calcareous; New Ulm Formation
Yellowish-brown, coarse-grained loamy to sandy till with gravelly sand lenses, olive-gray by 8'; 
silty till 8-8.5'; gray by 10'; 18.5-19.5 silty clay; Villard Member, New Ulm Formation
Grayish-olive, sandy till, gray by 31'; mostly gray silt 33-34'; 42.5-43.5' loamy fine-grained 
gravelly sand with gray till balls; below 43.5‘ sandy to coarse-grained loamy till; Hewitt 
Formation
Gray silty till; slightly darker and more dense than above; Sauk Centre Member, Lake Henry 
Formation
Gray clayey silt and light gray silt with gravel lenses; Lake Henry Formation
Gray silty till as above, with wood; Sauk Centre Member, Lake Henry Formation
Loamy, fine- to medium-grained gravel; sand and gravel below 86.5'; Lake Henry Formation
Greenish-gray, coarse-grained loamy till; 89.5-91' sand and gravel; olive-gray at 91'; gray, 
loamy till below 93'; gravel 101.5-102'; Meyer Lake Member, Lake Henry Formation
Gray, silty to fine-grained loamy till; some oxidation (grayish-olive), iron staining along joints; 
increased greenish mottling with depth; mixing at 188', sharp lower contact; Good Thunder 
formation 4
Dark gray, silty till, some iron stains; wood fragments; at 204.5' gray, very fine-grained sandy 
silt with little organics; loamy gravel at base; Good Thunder formation 4
Gray loamy till with dark grayish-yellow mottles; darker gray by 209'; grades to silty till by 216'; 
increasing wood with depth; Good Thunder formation 5/Elmdale Formation?
Yellowish-gray, fine-grained gravelly sand; interglacial?
Calcareous, dark gray, organic silty clay to 225.5' over noncalcareous, brownish-black, organic 
clayey silt; 226.5-228.5' calcareous, dark grayish-yellow, clayey diamicton; dark gray by 227', 
greenish-gray below 228'; no carbonate in coarse-grained fraction; interglacial?
Noncalcareous, olive-gray, fine- to medium-grained sand; calcareous at 230', gravelly by 
230.5'; Rainy provenance (Shooks Formation?)
Calcareous, olive-gray, loamy till with common silt inclusions; dark greenish-gray at top, gray 
by 232.5'; silt 232.5-233'; yellowish-gray sand 233.5-234; sandy till below; mostly reworked 
saprolith below 238.5'; Rainy provenance (Shooks Formation?)
Greenish-gray to bluish-gray saprolite composed of coarse angular quartz grains, biotite, and 
kaolinite (altered potassium feldspar); formed in Paleoproterozoic Rockville Granite
Borehole name:  MS-1; unique number:  272690
Elevation in feet above mean sea level:  1,171
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Location:  T. 121 N., R. 32 W., sec. 29; DCCCCA
-10
-20
-30
-40
-50
-60
-70
-80
-90
-100
-110
-120
-130
-140
-150
-160
-170
-180
-190
-200
-210
-220
-230
-240
-250
-260
-270
0
Figure 7.  Descriptive log of rotary-sonic core MS-5, drilled by Mark J. 
Traut Wells for this study.  The drill site location is shown on Figure 1. 
Bedrock was described by Julia R. Steenberg and John H. Mossler.
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Yellowish-brown, coarse-grained loamy till; 4.5-5' very fine-grained sand; 
dark grayish-yellow to yellowish-gray by 17'; dark gray by 19'; 28-28.5' 
sand lenses; Villard Member, New Ulm Formation
Dark gray, sandy till; 42-47' mixed and interbedded with silty sand and fine- 
to medium-grained gravel; also mixed with silt below 45'; interbedded with 
silty very fine-grained sand 46-46.5'; Villard Member, New Ulm Formation
Dark gray, dense,loamy till; 52.5-54.5' gray silt, interbedded and mixed with 
till to 53' and below 54'; gray sandy till below 108.5'; Villard Member, New 
Ulm Formation
Dark grayish-yellow to yellowish-gray, loamy sand and fine- to 
medium-grained gravel, with till balls or lenses; yellowish-gray below 110'; 
cobble at base; Hewitt Formation (?)
Gray loamy till, more dense than above till; yellowish-gray along joints, 
mostly yellowish-gray below 131', mostly gray below 160', slightly darker 
with depth with yellowish-gray staining; mixed with sand and gravel 
174-175', generally much staining below with more jointing, also more 
dense; mixed zone below 185' composed mostly of underlying 
greenish-gray till; Sauk Centre Member, Lake Henry Formation
Greenish-gray, dense, loamy till; below 208' mixed with noncalcareous, 
brownish-gray to grayish-brown to dull reddish-brown, loamy and sandy till 
of the St. Francis Formation; cobble at base; Meyer Lake Member, Lake 
Henry Formation
Grayish-olive to olive-gray, sandy to coarse-grained loamy till; 210-211.5' 
leached, dull yellowish-brown to grayish-yellow-brown, silty sand and gravel 
(wrs); till leached in top few inches, yellowish-brown layer below; mostly 
olive-yellow below 212.5', grayish-yellow to yellowish-gray below 213.5'; 
iron stained; 2-inch layer of dark grayish-yellow, moderately calcareous, 
fine-grained loamy till at base; Rainy provenance (Shooks Formation?)
Brown, dense, calcareous, coarse-grained loamy till; grayish-yellow-brown 
below 220'; iron-stained; mostly brownish-gray below 223'; mixed with dull 
yellow, silty, fine-grained gravelly sand 227.5-228.5', below mixed with 
grayish-brown till with dull reddish-brown streaks; at 229.5' layer of dull 
reddish-brown sandy till over thin layer of dark gray loamy till; mostly 
yellowish-gray below 230'; mixed with dark gray clayey till below 234.5', 
some reddish sandy till inclusions; dark gray below 240', dark 
grayish-yellow along joints; Elmdale Formation mixed with much Superior 
provenance sediment
No core (sand?)
Dark gray loamy till as above; at 251' dark gray, fine-grained loamy till, 
greenish-gray at top; only moderately calcareous below 252'; mostly dark 
olive with dark greenish-gray, slightly calcareous, and clayey 255-257.5', 
mixed with Cretaceous sediment?; dark gray below, grading to 
grayish-brown by 258', interbedded with dark grayish-yellow beds; below 
259.5' calcareous, grayish-brown silty clay, laminated with silt below 260'; 
wood at base; Elmdale Formation
Siltstone and claystone with very fine- to fine-grained quartz sandstone; 
greenish-gray to reddish-brown; Cretaceous
No core
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Figure 2.  Diagram showing relative age, locations (across the county from west to 
east), provenance (on Plate 3 see Fig. 3 and Table 1), and related unit labels from 
the cross sections for glacial deposits of Meeker County (Table 1).  The age column 
and deposit drawings are not to scale.  The presence of some of the deposits shown 
is speculated from their occurrence to the south.  Ice that deposited these units 
presumably crossed Meeker County.  Marine Isotope Stage (MIS) correlations were 
estimated using figures in Jennings and others (2006).  The approximate age shown 
for the end of deposition for till of the Heiberg Member of the New Ulm Formation 
is the calendar year conversion (Stuiver and others, 2014) of a radiocarbon date 
(12,400 ± 60 B.P.) from the base of peat above pond sediment above the Heiberg 
Member from a site in Sibley County to the south (Ashworth and others, 1981). 
The approximate age for the onset of deposition of the Hewitt Formation is the 
calendar year conversion of a radiocarbon date (22,960 ± 90 B.P.) from wood from 
correlative sediment in a core drilled in Blue Earth County to the south (Meyer and 
others, 2012).  Wood found in Hewitt Formation till in Meeker County (Figs. 6, 8) 
that yielded much older radiocarbon dates is presumed to be reworked from older 
deposits.  Two calcite samples from marl deposits above Browerville Formation till 
in Todd County had an uranium series minimum age of 200,000 years before present 
(Knaeble and Meyer, 2007).  All core samples from the area that have undergone 
detrital remanent magnetization analysis at the Institute of Rock Magnetism have 
yielded normal polarity, indicating they were apparently deposited after the Bruhnes 
normal–Matuyama reversed polarity boundary, dated at 780,000 years B.P., and 
thus no older than MIS 18.  These inferred dates place the cored pre-Wisconsinan 
Episode units in the Middle Pleistocene Epoch, between Marine Isotope Stages 8 
and 18.  However, the oldest deposits may have been laid down during the relatively 
brief Jaramillo normal polarity event dated at over 1 million years ago, which is 
correlated with MIS stages 28-30 (Lisiecki and Raymo, 2005).
Figure 5.  Descriptive log of rotary-sonic core MS-3, drilled by Mark J. Traut 
Wells for this study.  The drill site location is shown on Figure 1.  Bedrock 
was described by Julia R. Steenberg and John H. Mossler.
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Borehole name:  MS-3; unique number:  272691
Elevation in feet above mean sea level:  1,141
Depth
(feet)
Lithology DescriptionUnit
Location:  T. 119 N., R. 31 W., sec. 2; CBDBDB
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Grayish-yellow-brown and dull yellow-orange, silty, very fine-grained sand; 
0-1.5' very dark brown, loamy sand; well-sorted; noncalcareous; darker 
layers buried soil?; medium to large pebbles in last few inches
Yellowish-brown, coarse-grained loamy to loamy till; calcareous; dark gray 
at 11'; Villard Member, New Ulm Formation
No core
Dark gray, loamy till; at 36.5' little fine-grained sand over silt and clay mixed 
with till; 39-47.5' dark gray, sandy to sandy clay till; 47.5-70' dark gray, 
loamy till; silty, very fine-grained sand at base, presumably what was lost 
below; Villard Member, New Ulm Formation
No core
Silty fine-grained sand mixed with till; Villard Member, New Ulm Formation
Dark gray, loamy till; cobble at base; Villard Member, New Ulm Formation
No core
Dark gray, sandy till; Villard Member, New Ulm Formation
Dark gray, loamy till; cobble at 109', no core to 110'; Villard Member, New 
Ulm Formation
Gray sandy till; sharp lower contact; Villard Member, New Ulm Formation
Dark gray, loamy till; Villard Member, New Ulm Formation
Dark gray, sandy till; Villard Member, New Ulm Formation
Silty sand and gravel; poor recovery; Hewitt Formation 
Gray loamy till with two cobbles; poor recovery; Hewitt Formation 
Gray loamy till; mixed with coarse-grained silt 163.5-164.5'; sharp lower 
contact; Sauk Centre Member, Lake Henry Formation 
Greenish-gray, loamy till; grades to gray by 194'; gravelly sand lenses 
195-195.5'; mixed zone at 215'; Meyer Lake Member, Lake Henry Formation
Brownish-black, silty till; low carbonate; grades to loamy texture by 217.5'; 
Meyer Lake Member, Lake Henry Formation (?)
Brownish-black, sandy till; low carbonate; Meyer Lake Member, Lake Henry 
Formation (?)
Olive-black, silty, fine- to coarse-grained sand; calcareous; grades to 
olive-gray below 224', grayish-olive by 225.5'; sand and fine-grained gravel 
227-227.5'; sharp lower contact Rainy provenance
Very fine- to medium-grained, angular quartz sandstone, siltstone, and 
minor clay; olive-gray to olive-black; minor lignite fragments and mica flakes; 
Cretaceous
Siltstone and clay with minor fine-grained sand; pale olive-gray to black; 
very lignitic; Cretaceous
Sandstone, siltstone, minor clay; pale olive-gray; sand is quartzose and 
composed of fine to coarse angular grains; Cretaceous
Fine-grained sandstone, siltstone, and clay; olive-gray to black; lignite, 
pisolites, and kaolin present; Cretaceous
Saprolite; light gray; fine- to coarse-grained, angular quartz grains; formed 
in Paleoproterozoic Little Falls Formation
Figure 6.  Descriptive log of rotary-sonic core MS-4, drilled by Mark J. Traut 
Wells for this study.  The drill site location is shown on Figure 1.  Bedrock 
was described by Julia R. Steenberg and John H. Mossler.  Drill hole MS-4 is 
not shown on cross section C–C' because it is too far from the line.
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Borehole name:  MS-4; unique number:  272692
Elevation in feet above mean sea level:  1,068
Depth
(feet)
Lithology DescriptionUnit
Location:  T. 120 N., R. 29 W., sec. 32; DAABBD
0
Yellowish-brown, loamy till; 0-1.5' brownish-black, calcareous, silty soil; dark 
gray at 13'; Villard Member, New Ulm Formation
Dark gray, sandy till; Villard Member, New Ulm Formation
Dark gray, coarse-grained loamy till; Villard Member, New Ulm Formation
Gray, silty, very fine- to fine-grained sand, with few pebbles; 70-75' yellowish-
gray, fine-grained sand with granules; very fine-grained sandy silt bed at 72.5'; 
coarsens to medium-grained sand by 74'; cobble at base; New Ulm Formation
Gray, coarse-grained loamy till; wood at 76' radiocarbon-dated at >50,200 B.P.; 
79.5-81' grayish-yellow-brown, silty fine-grained sand; coarse-grained sand 
with granules below 80', fine-grained sand at base; grayish-yellow at 81'; Hewitt 
Formation
Grayish-yellow-brown, sand and fine- to medium-grained gravel interbedded 
with medium- to coarse-grained sand; brownish-gray silt bed below 85'; Hewitt 
Formation
Cobble gravel; Hewitt Formation
Grayish-yellow-brown, medium-grained sand, coarsening downwards to sand 
and very fine- to fine-grained gravel by 95.5'; Hewitt Formation
Gray-brown, medium-grained gravel; cobble gravel below 97'; Hewitt Formation
Dark gray, dense, loamy till; Sauk Centre Member, Lake Henry Formation
Dark gray, dense, sandy till, with fine-grained sand from 103.5-104'; Sauk 
Centre Member, Lake Henry Formation
Dark gray, dense, loamy till; silty till from about 113-117'; 121-122.5' grayish-
yellow, silty sand and gravel mixed with dark gray loamy till; 146-147' 
yellowish-gray, silty sand and gravel, with dark gray till balls; Sauk Centre 
Member, Lake Henry Formation
Dark gray, loamy till; gray to grayish-olive below 155'; several small silt and 
sand lenses present below 197'; 198.5-199.5' yellowish-gray, very fine-grained 
gravelly sand to fine-grained sand; 199.5-200' gray, coarse-grained loamy till; 
200-201' yellowish-gray, sand and fine-grained gravel; 201-206' gray, loamy till; 
loam-textured below; gray to grayish-olive below 208.5'; yellowish-gray below 
209'; Meyer Lake Member, Lake Henry Formation
Siltstone and clay; olive-black to olive-gray; lignitic; minor quartzose sand; 
Cretaceous
Fine- to medium-grained quartzose sandstone with interbedded siltstone and 
claystone; olive-gray; minor lignite fragments; Cretaceous
Siltstone and claystone with interbeds of fine- to coarse--grained quartzose 
sandstone; light gray to olive-gray; calcareous; faint centimeter-scale beds and 
fine-grained laminations; Cretaceous
